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Abstract
Voltage regulation on distribution networks has so far been done by means of
mechanical tap changers. However, these tap changers are plagued by high
maintenance costs due to the arcing caused while switching, which degrades
both the contacts and transformer oil. The major advances made during the
last decade with regard to semiconductor technology have led to the develop-
ment of high power IGBTs. These high power IGBTs are capable of conducting
currents up to 1 000 A, while the voltage over the IGBT reaches well over 3
000 V. Using these high power IGBTs to design and build a solid-state tap
changer allows the tap changer to regulate the output voltage with higher ac-
curacy and speed. The supporting hardware is also discussed, while the design
is verified by the use of simulations and practical measurements conducted on
a scale-model of the IGBT-based solid-state tap changer.
Opsomming
Spannings regulasie op distribusie netwerke word hedendaags verrig deur mega-
niese tap geskalde spanning reguleerders. Maar hierdie tap skakelaars word
konstant beïnvloed deur oorvonking wat plaasvind tussen die kontakte wat hi-
erdie kontakte beskadig en die transformator olie degradeer. Die laaste dekade
het groot vordering getoon in halfgeleier navorsing wat gelei het tot die on-
twikkeling van hoë drywing halfgeleiers. Die halfgeleiers of IGBTs kan strome
so groot soos 1 000 A gelei terwyl die spanning oor die halfgeleier 3 000 V kan
oorskry. Die gebruik van die hoë drywing halfgeleiers maak die pad oop vir die
ontwerp en bou van ’n tap geskakelde reguleerder wat die uitree spanning aku-
rater en vinniger kan reguleer. Die aanvullende hardeware is ook bespreek en
die ontwerp is geverifieër deur middel van simulasies en deur praktiese metings
wat geneem is op ’n skaal model van die hoogspanning spannings reguleerder.
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Chapter 1
Literature overview
Apparatus used to regulate system voltages on distribution networks has been
in use since 1890 [5] with the use of tap changers. Tap changers became an
integral part of distribution power transformers and they are used to regu-
late the output voltage of the transformer. Regulation of the output voltage
because it is necessary to compensate for the voltage drop over long-distance
power lines.
Tap changers in general are divided into three categories [1], depending on
the method of operation.
• Off-circuit tap changers: These operate only when the transformer is
not energized, and thus they have very low maintenance requirements.
Operated by means of a handle or wheel requires human interaction
which results in no regulation of the output voltage.
• Off-load tap changer: These operate only when there is no load current
flowing; the transformer allows the tap changer to operate while the
transformer is energized. This allows the tap changer to switch between
taps without interrupting the load for extended periods of time, as is the
case with the off-circuit tap changer.
• On-load tap changers: The tap changer operates while the load current
is flowing through the transformer; this allows it to regulate the output
voltage to a certain limited degree. The only factor that limits the ability
of the on-load tap changer to regulate the output voltage is the method
of operation used for the tap changer. This issue is discussed later.
The specific type of tap changer that is implemented for the purpose of
this report is an on-load tap changer, which is capable of regulating the load
voltage while the full load current flows through the transformer.
Most on-load tap changers are mechanical in design, in that they use a
motor that rotates a shaft or similar device to switch between the taps of
1
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vin
S
vout
Figure 1.1: Basic layout of a single-phase linear tap changer [1].
the transformer. The basic layout of a single-phase mechanical tap changer is
shown in Figure 1.1, connected to a step-down distribution transformer.
Moving switch S between the different taps of the transformer in Figure 1.1
changes the output voltage vout by changing the turns ratio of the transformer.
The single switch configuration arcs during operation from one tap to another,
which degrades the transformer oil as well as the contacts of the tap changer.
This drawback led to the development of the resistor and the reactor diverter
switch assisted tap changer, which were introduced around 1936 [5]. These
types of tap changer implement two selector switches and a diverter switch to
minimize the arcing while switching between the taps. Figure 1.2 shows the
layout of a resistive diverter switching tap changer with two selector switches.
The tap changer in Figure 1.2 shows the connection diagram of a tap
changer on the primary winding of a transformer that has been fitted with
a diverter switch. The tap changer uses the diverter switch to change the out-
put from Tap 1 to Tap 2. Moving the diverter switch upwards connects the
diverter switch to both contacts CO1 and CO2, before it breaks with contact
CO1. Moving the diverter switch up even further connects the diverter switch
to contact CO3. While the diverter switch is connected to both contacts CO2
and CO3, the two taps share the load current while resistors R1 and R2 limit
the current flowing between the taps. Moving the diverter switch up even
further allows the switch to disconnect from contact CO2 before it connects
to CO4. The diverter switch stops moving after the switch has been discon-
nected from contact CO3 and connects the output to the transformer through
contact CO4 only. Using a charged spring mechanism to move the diverter
switch allows the change to take place in about 20 ms, which requires resistors
R1 and R2 to be specified for short time durations.
Using the diverter switch to minimize the arcing while switching lowers the
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Figure 1.2: Layout of a diverter operated tap changer with two selector switches
[1].
maintenance costs of the tap changer, but arcing still occurs. It is for this rea-
son that tap changers are still maintenance intensive. Tap changers operated
with the diverter switch, through either a resistance or a reactor, until vacuum
operated interrupters were introduced in 1960 [5]. Vacuum interrupters isolate
the arc created while switching from the oil inside the tap changer, thereby
preserving the oil. These allow the tap changer to operate for longer time
spans without requiring major maintenance.
The introduction of the silicon controlled rectifier or thyristor in 1963 [5]
made it possible to use semiconductors in tap changers but the technology
never reached a sufficiently mature level for commercial applications. The
introduction of semiconductors resulted in the evlolution of three distinct types
of tap changers for use in on-load tap changers:
• Full mechanical tap changer: These use only mechanical switches and
contacts to switch between the taps of the transformer. Using vacuum
switching to limit the amount of arcing still falls under this category.
• Electronically assisted mechanical or hybrid tap changer: These tap
changers use thyristors in the diverter switch to minimize the arcing
while switching.
• Full electronic tap changer or solid-state tap changer: Using only semi-
conductors to perform the switching offers numerous advantages over the
previous two methods listed in Table 1.1 below.
The major differences between the three technologies are listed below in
Table 1.1.
CHAPTER 1. LITERATURE OVERVIEW 4
Attribute Mechanical Hybrid Solid-state
Tap changer Tap changer Tap changer
Mainte- Regular contact Regular No routine
nance and mechanical mechanical maintenance required
Cost Fairly About the same Considerably more
inexpensive as Mechanical expensive
Speed of One to 4 seconds One to 4 seconds One to two half-cycles
response per tap change per tap change per tap change
Tap step One tap per Usually one tap Move between any
range operation per operation taps per operation
Table 1.1: Major differences [5] between full mechanical, hybrid and solid-state
tap changers.
As cost is the only disadvantage of the solid-state tap changer, it is still the
most viable solution for use in tap changers due to the advantages it provides.
Consequently, the rest of this report concentrates on solid-state tap changers.
Advances made in semiconductor technology in the last decade have led to
the development of thyristors and insulated gate bipolar transistors (IGBT),
which are capable of operating in medium voltage (MV) tap changers. The
implementation of a thyristor into a solid-state tap changer is covered in the
next section, and this is followed by the implementation of an IGBT into a
solid-state tap changer.
1.1 Thyristor-based solid-state tap changer
The application of thyristors in tap changers has mostly been used in hybrid
tap changers, with the thyristors replacing the diverter switch. But research
has also been done on using thyristors in solid-state tap changers that are
capable of switching from one tap to another in any order without using a
diverter switch. The layout of such a solid-state tap changer is shown in
Figure 1.3 [7]. It uses thyristors instead of a diverter switch to connect the
taps of the transformer to the load.
The anti-parallel connection of the thyristors between each tap and the
output allows the thyristors to conduct the output current independently of
the current direction. The current direction or polarity also determines the
switching direction of the tap changer. Switching from one tap to another
depends on the polarity of the voltage and the current. Switching between
taps in the incorrect order switches on two sets of thyristors at the same time,
resulting in short-circuiting the taps of the transformer. Short-circuiting the
transformer, furthermore large fault currents to flow through, thus damaging
taps the thyristors, which is clearly not a desirable outcome.
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The waveforms in Figure 1.4 [7] show in which direction they may be
switched for the specific voltage and current polarities.
Voltages v1, v2 and v3 are the voltages provided by the three different taps
of the transformer together with the output current iout which are all indicated
on the circuit diagram in Figure 1.3. Switching the output from the second
tap position at v2 to the first tap position v1 for positive output current iout
can only be done in the allowed up-switch windows indicated in Figure 1.4.
Switching on thyristors S1A and S1B after switching off thyristor S2A and S2B
reverse biases thyristors S2A with thyristor S2B switched off. Reverse biasing
thyristor S2A allows the current through the thyristor to go to zero, while
thyristor S1A conducts the output current.
Switching the thyristor-based solid-state tap changer in this manner allows
the tap changer to regulate the output voltage as the input voltage changes.
But the output of the tap changer while switching will not be a perfect sinusoid
due to the hard switching between the taps. The output regulation range
and accuracy of the tap changer are limited by the amount of taps provided
by the transformer, in that fever taps result in a wider spread. While more
transformer taps provide a narrower regulation accuracy, this comes at a cost,
as more thyristors are needed for each tap.
The major advantage of using thyristors in this arrangement is that it
makes available an arc free alternative to the mechanical tap changer, which
is capable of jumping between multiple taps during one tap change cycle. The
major disadvantage of thyristor-based tap changers is the fact that they still
do not improve system stability. As they are dependent on the polarity of the
vin
S1A S1B
S2A S2B
S3A S3B
iout
vout
+
v1
-
+
v2
-
+
v3
-
Figure 1.3: Layout of a thyristor-based solid-state tap changer.
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Figure 1.4: Waveforms indicating switching direction depending on voltage and
current polarity;(a) Lagging power factor; (b) Leading power factor.
voltage and the current may, the tap changer may need to wait up to half a
cycle to perform a tap change with power factors close to one. Furthermore,
the thyristor-based tap changer is unable to perform sudden voltage rise and
dip compensation.
Another disadvantage which has to be counted for is the voltage limit of
the thyristors. This voltage limit presents problems during fault conditions
on the load side where the output voltage drops close to zero and causing the
thyristors to be damaged due to over voltages. One method to overcome this
problem is to connect multiple thyristors in series so that the voltage over the
thyristors are divided between the thyristor during fault conditions.
Using IGBTs allows the tap changer to perform voltage compensation, thus
improving system stability with a change in circuit layout. This is a result of
the ability of the IGBT to switch-off, while the output current flows through
the IGBT.
The next section looks at an implementation of IGBTs into a solid-state
tap changer.
1.2 IGBT-based solid-state tap changer
Using IGBTs in a tap changer requires a different approach because the IGBTs
have only two switch states, i.e. either on or off. As there is thus no in-between
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Figure 1.5: Basic circuit layout of one of the phases of a solid-state tap changer
using IGBTs.
on state, and as IGBTs are able to switch-off while conducting current allows
them to be pulse width modulated (PWM) at frequencies of up to 200 times
higher than the fundamental of 50 Hz. Changing the duty cycle of the PWM
from 0 to 100% allows the tap changer fitted with IGBTs to regulate the
output voltage with a higher degree of accuracy than would be possible with
an thyristor-based solid-state tap changer.
Implementing IGBTs for use in tap changers on a MV transformer raises
one major problem, which is the low blocking voltage of current high voltage
IGBTs. The highest blocking voltage achievable by any IGBT at the time of
this writing is 3 600 V peak with a 6 500 V Eupec IGBT [8]. The 3 600 V
rating of the IGBT is the highest voltage at which the IGBT can operate,
while the 6 500 V rating is the maximum voltage which the IGBT can block
while switched off permanently. But the blocking voltage is lower than the 11
000 VRMS of a standard MV grid. Consequently, using the taps provided by
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a distribution transformer that is used for mechanical tap changers, permits
smaller voltages over the IGBTs. These taps provide voltages that are low
enough so that 1 700 V IGBTs can be used, which currently present the lowest
switching losses and the highest switching frequency out of all the high voltage
IGBTs available.
A connection scheme that connects the IGBTs between the taps of the
distribution transformer is shown in Figure 1.5 [9].
The circuit diagram in Figure 1.5 shows three IGBT pairs with IGBTs
T1 and T2 forming the right pair, and T3 and T4 the middle pair, while T5
and T6 form the left IGBT pair. Each IGBT also has an anti-parallel diode
connected over the IGBT. The connection of the IGBT pair together with
the diodes forms bi-directional switches, thus allowing current to flow in both
directions while switching. Thyristors S1 and S2 form a bypass switch or
crowbar that protects the IGBTs from over-voltage and over-current situations
by connecting the lowest tap v6 with the highest tap v1, thus bypassing the
IGBTs. Connecting the IGBTs and thyristor to the primary side provides a
major advantage by lowering the current the semiconductors have to conduct.
Lowering the current reduces the switching losses even more, and it further
lowers the fault current, which has to be conducted by the IGBTs during fault
conditions.
The capacitors between the taps are used to provide an alternative current
path for the reverse recovery current of the diodes which does not go through
the transformer.
Table 1.2 shows the operating parameters [10] for the IGBT-based solid-
state tap changer shown in Figure 1.5.
Operating the IGBT-based solid-state tap changer in Figure 1.5 under nor-
mal parameters is done through the IGBTs. Operating the left pair of IGBTs
T5 and T6 connects tap v1 to the combination of taps v5 and v6 added to-
gether. This connection changes the turns ratio of the primary winding of the
transformer. Using PWM allows the output voltage of the secondary tap to be
controlled continuously for the voltage range in which the IGBT pair of T5 and
T6 can operate. In the event that the output voltage needs to be controlled
Description Value
Input voltage 10 kVRMS
Output voltage 400 VRMS
Power rating 500 kVA
Input current 28.867 ARMS
Output current 721.687 ARMS
Tap voltage 250 VRMS
Table 1.2: Operating parameters for a three-phase IGBT-based solid-state tap
changer designed for the European market.
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beyond the range provided by the leftmost IGBT pair, the other IGBT pairs
are used. Using these other IGBT pairs changes the turns ratio of the primary
winding of the transformer. This attribute of the connection of the IGBT pair
to the different taps allows the tap changer to regulate the output voltage with
a wider output voltage range that would be possible if only a single pair of
IGBTs were used.
The major advantages and disadvantages of the IGBT-based solid-state
tap changer in Figure 1.5 are the following :
• Implementing the IGBTs on the primary side of the distribution trans-
former allow low current IGBTs to be used.
• The low tap voltage of 250 V allows low voltage IGBTs to be used.
• Using PWM to control the switching of the IGBTs allows the controller
to control the output of the transformer continuously.
• One possible problem is the effect that the switching has on the wind-
ings of the transformer. Switching at high frequencies generates voltage
spikes, which degrades the insulation on the windings leading to unfore-
seen failure of the transformer, earlier than expected.
• The implementation of the IGBTs in the specific layout requires 2 more
IGBTs for each tap increase, which greatly increases the cost of such a
tap changer.
• Increasing the number of taps per phase also increases the control cost
in that more can go wrong.
The next section compares the advantages and disadvantages of the IGBT-
based tap changer with those of the thyristor-based tap changer.
1.3 Comparison of IGBT-based and
thyristor-based solid-state tap chnagers
Comparing the advantages and disadvantages of the IGBT-based solid-state
tap changer with those of the thyristor-based tap changer shows clearly that
the IGBT-based solid-state tap changer is superior to the thyristor-based tap
changer for the following reasons :
• Continuous voltage regulation: The IGBT-based solid-state tap changer
is capable of regulating the output voltage continuously.
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• Semiconductor count is less: Using fewer IGBTs between the taps allows
the IGBT-based solid-state tap changer to be more cost-effective than
a thyristor-based solid-state tap changer when using a large number of
taps.
• Voltage over switches: The voltage that the IGBTs must be able to
handle is not limited by the voltage provided by the taps. In the event
that a fault occurs on the load side of the transformer and the IGBTs are
located on the secondary winding, the voltage difference over the IGBTs
will be significantly larger than which the IGBTs are designed for. This
requires the use of extra equipment, such as a bypass switch consisting
of thyristors and surge suppressors that protect the IGBTs from high
voltages. This has a negative impact on the cost of the IGBT-based
solid-state tap changer.
• Maintenance: Comparing the solid-state tap changers presented here
with a mechanical tap changer allows one large factor to stand out. The
maintenance on a solid-state tap changer is close to nil because there are
no mechanical moving parts and because no arcing occurs while switch-
ing.
Nonetheless, the IGBT-based solid-state tap changer does present a couple
of disadvantages, which leave room for improvement. This is discussed in the
next section, which looks at the scope of this thesis.
1.4 Scope of thesis
The object of this thesis is to design and implement an IGBT-based solid-state
tap changer with the ratings shown in Table 1.3.
Description Value
Input voltage 6 351 VRMS
Output voltage 6 351 VRMS
Power rating 63 kVA
Output current 100 ARMS
Tap voltage 635.1 VRMS
Switching frequency 10 kHz
Table 1.3: Required ratings for the IGBT-based solid-state tap changer in this
thesis.
The IGBT-based solid-state tap changer, which is more simply referred to
as ’the IGBT-based tap changer’ in the following chapters of this thesis, will be
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connected to the output of commercially manufactured voltage regulator. The
voltage regulator consists of an autotransformer connected to a mechanical tap
changer. The IGBT-based tap changer will be designed to be an add-on to
the voltage regulator without altering the internal connections of this voltage
regulator. Essentially, the IGBT-based tap changer will replace the mechanical
tap changer by delivering the regulated output voltage to the load.
1.5 Thesis outline
This section lists the chapters that make up this thesis together with a brief
description of each.
• Chapter 2 looks at the topology used for the IGBT-based tap changer
together with the switching scheme and controller used.
• Chapter 3 examines how the IGBT-based tap changer operates, with a
particular emphasis on how the voltages and currents flow through the
different semiconductors.
• Chapter 4 derives the equations needed to calculate the losses, as well as
presenting the design of the heat sink and passive components.
• Chapter 5 considers the implementation of the design equations for a
specific IGBT model, as well as the value calculations for the passive
components.
• Chapter 6 looks at the supporting hardware that is used either to drive
the IGBTs or to measure the voltages and currents of the IGBT-based
tap changer and other hardware.
• Chapter 7 scrutinises the design of the feedback controller that is required
to control the IGBT-based tap changer so that it regulates the output
voltage of the tap changer.
• Chapter 8 presents the results of the simulations conducted to verify the
design of the IGBT-based tap changer.
• Chapter 9 focuses on the practical measurements conducted on a scale
IGBT-based tap changer that was built to verify that the design is prac-
tically viable.
• Chapter 10 provides flow diagrams of the software implemented into
the controller that has been used to control the scale IGBT-based tap
changer.
• Lastly, Chapter 11 summarises the important aspects raised in the pre-
ceding chapters and presents the relevant conclusions of this thesis.
Chapter 2
Outline of the IGBT-based tap
changer
The aim of this chapter is to provide a brief outline indicating the key com-
ponents that make up the IGBT-based tap changer, together with a brief
explanation of each. An in-depth analysis of the different components occurs
throughout the subsequent chapters.
Below is a brief outline of this chapter, together with a summary of what
will be covered in each section.
• Implementation of the AC-chopper: The AC-chopper chosen in Chapter
1 forms the bases of the IGBT-based tap changer. This section looks
at how the AC-chopper is adapted into the IGBT-based tap changer to
operate at voltages higher than those that can be reached by the normal
AC-chopper.
• Key components: Each of the components discussed in this section is
vital during the operation of the IGBT-based tap changer.
• Switching scheme: Switching the IGBTs used in IGBT-based tap chang-
ers in the correct order allows these tap changers to operate without
causing damage to the IGBTs while they are regulating the voltage de-
livered to the load. This section looks at the switching scheme that has
been implemented to ensure the safe operation of the IGBT-based tap
changer.
• Control method: Regulating the load voltage requires the use of a feed-
back controller. This adjusts the duty cycle of the IGBT-based tap
changer in order to regulate the load voltage.
The next section,then, starts by investigating the implementation of the
AC-chopper in the IGBT-based tap changer.
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2.1 Implementation of the AC-chopper
The AC-chopper[2] as discussed in Chapter 1 consists of four IGBTs T1 to T4,
with their respective anti-parallel diodes D1 to D4 shown in Figure 2.1. The
four IGBTs connect in series over the source vs terminals. The output filter
consisting of inductor LO and capacitor CO connects between IGBTs T2 and
T3 and the load. Inductor Li represents the inductance of the line between the
AC-chopper and the source. Capacitor Ci forms an input filter, while capacitor
Cl forms a snubber capacitor.
There is one significant problem with implementing the AC-chopper for
use in the IGBT-based tap changer. Connecting the IGBTs to the source, as
shown in Figure 2.1, forces the IGBTs to block the entire source voltage during
operation. This is not a problem for applications between 230 V and 1 200 V ,
since most IGBTs available are capable of operating at these voltages. Higher
voltage IGBTs can also be used but then the switching losses generated by
these IGBTs will be too high to make the design a viable solution. Current
IGBT technology forces the implementation of the AC-chopper to be altered
to allow the use of lower voltage IGBTs.
However, altering the normal layout shown in Figure 2.2.(a) of the AC-
chopper in order to utilise lower voltage IGBTs means adding a further voltage
source. Setting the voltage of the additional voltage source to one-tenth that
of the source voltage allows the voltage difference between the two sources
−
vs
+
is Li
Ci
+
vCi−
D1
T1
Cl
+
vCl−
D2
T2
D3
T3
D4
T4
iO LO
CO
+
vCO−
iLoad
+
vLoad
−
Figure 2.1: Circuit diagram of the AC-chopper [2].
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vLoad
−
(a) (b)
Figure 2.2: Circuit diagram showing how the AC-chopper is implemented for use
on an autotransformer; (a) The AC-chopper connected directly to the terminals of
the source; (b) The AC-chopper connected between the input and tap output of a
autotransformer.
to be significantly lower than the source voltage alone. Connecting the AC-
chopper directly to the source voltage and the additional voltage source shown
in Figure 2.2.(b) allows the voltage seen by the IGBTs to be lower, although
the source voltage is still very high.
Implementing an autotransformer to provide the additional voltage source
is the most cost-effective solution.
The final implementation of all components required for the IGBT-based
tap changer is shown in Figure 2.3.
With the AC-chopper connected to the source and the output of the auto-
transformer, the voltage over the AC-chopper is much lower than the nominal
rated voltage vin. The lower voltage that the AC-chopper will need to switch
allow lower voltage IGBTs to be used resulting in higher switching frequencies.
These in turn reduce the inductance of the output filter inductor LO and thus
decrease the physical size of the inductor. The filter capacitors C1 and C2 as
well as the snubber capacitor Cs also benefit from the reduced voltage over the
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Figure 2.3: Circuit diagram of all the components used for the IGBT-based tap
changer.
AC-chopper, as the voltage rating of these capacitors can then be significantly
lower.
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2.2 Key components
This section looks at all the components required by the tap changer shown in
Figure 2.3 to operate. It will not be possible for the tap changer to operate if
any of these components fail. In the list of the key components below, a brief
overview of each component is given.
• Bi-directional switches: IGBTs T1 to T4 and diodes D1 to D4 are used
in pairs of two, thus forming two bi-directional switches. These switches
are the main components in the tap changer.
• Filter elements: The filter consisting of capacitors C1 and C2 together
with output inductor LO, form both an input and output filter in one.
• Snubber capacitor: The snubber capacitor Cs is used to provide an al-
ternative current path for the inductor current during the dead time of
the switching scheme.
• Bypass switch: The bypass switch, consisting of thyristors S1 and S2
is used to bypass the AC-chopper, thereby providing over-voltage and
over-current protection for the IGBTs.
• Autotransformer: The autotransformer provides the second voltage source
required by the AC-chopper.
• MOV: The metal-oxide-varistor (MOV) connected in parallel with snub-
ber capacitor Cs protects the snubber capacitor from voltages higher
than those for which it is designed for.
The following sections look at each the above-mentioned key components in
more detail, starting with the IGBTs and finishing with the autotransformer.
2.2.1 Bi-directional switches
Connecting IGBTs T1 to T4 together with their respective anti-parallel diodes
D1 to D4 in the configuration as shown in Figure 2.3 forms two bi-directional
switches. The top bi-directional switch consists of T1,T2,D1 and D2, while
T3,T4,D3 and D4 form the bottom bi-directional switch. Each of these switches
conducts the inductor current iL in either positive or negative current direc-
tions, independently of the voltage magnitude and phase shift between the
input voltage vs and load current io. The positive inductor current that flows
through the top bi-directional switch flows through D1 and T2, as indicated
in Figure 2.4.(a). The negative inductor current that flows through the top
bi-directional switch flows through D2 and T1, as shown in Figure 2.4.(b). Fig-
ures 2.4.(c) and 2.4.(d) show the current flow through T3, T4, D3 and D4 for
the positive and negative inductor currents respectively.
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Figure 2.4: Current flow through the bi-directional switches: (a) IGBTs T1 and
T2 conducting positive output current iO; (b) IGBTs T1 and T2 conducting negative
output current iO; (c) IGBTs T3 and T4 conducting positive output current iO; (d)
IGBTs T3 and T4 conducting negative output current iO.
Chapter 3 performs an in-depth analysis of the current change that occurs
from one bi-directional switch to another and is thus not discussed further in
this chapter. The switching order of the IGBTs is controlled by the switching
scheme, which is discussed in section 2.3 of this chapter.
2.2.2 Filter elements
Filtering of the switching harmonics is accomplished by making use of capac-
itors C1 and C2 together with inductor LO, as shown in Figure 2.3. This
combination allows the ripple component of the inductor current iL to flow
unrestricted through the bi-directional switch, which is on at that specific
time.
Figure 2.5.(a) shows the path that the ripple component of the inductor
current will take when the top bi-directional switch is on. Figure 2.5.(b) shows
the path of the ripple current when the bottom bi-directional switch is on.
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Figure 2.5: Current path of the ripple current flowing through inductor LO; (a)
Inductor ripple current flowing through top bi-directional switch; (b) Inductor ripple
current flowing through bottom bi-directional switch.
The ripple current direction can be either positive or negative through the
bi-directional switches.
Connecting the output filter inductor iL to the filter capacitors C1 and
C2, in the manner as depicted in Figure 2.5, creates an alternative path for
the ripple component of the inductor current of inductor iL to flow. This
path forms the shortest route for the ripple current to flow, resulting in most
of the ripple current flowing through the capacitors instead of through the
autotransformer and the network. Thus not exposing the autotransformer
and the network to the switching harmonics of the AC-chopper.
2.2.3 Snubber capacitor
Snubber capacitor Cs provides an alternative path for the inductor current iL
in the two situations listed below.
• During dead time: The snubber capacitor conducts the inductor current
during the dead time period of the switching scheme.
• During loss of power to the controller or the IGBT driver circuits : If
power is lost to either the controller or the IGBT driver circuit, then all
the IGBTs switch-off. In this case, the snubber capacitor provides an
alternative current path for the inductor current to flow.
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Figure 2.6: Current path of inductor current iL for either situations; (a) Positive
inductor current; (b) Negative inductor current.
The current paths for both positive and negative inductor current directions
are shown in Figures 2.6.(a) and 2.6.(b) respectively.
A metal-oxide-varistor (MOV) is connected in parallel with the snubber
capacitor in order to prevent the capacitor from reaching dangerous voltage
levels. The MOV will start to conduct current when the capacitor reaches the
MOVs break-through voltage, preventing the capacitor from being damaged
due to over-voltage.
2.2.4 Bypass switch
The bypass switch consisting of thyristors S1 and S2 connects the input to
the autotransformer and the output to the load as shown in Figure 2.3. This
parallel connection allows the bypass switch to act as a protection mechanism
for the AC-chopper. Protecting the IGBTs from over-voltage and over-current
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conditions makes the bypass switch a vital component in the IGBT-based tap
changer. The two protection methods are discussed briefly below.
2.2.4.1 Over-voltage protection
Protecting the AC-chopper from over-voltage situations is vital since the IG-
BTs are voltage sensitive; any voltages higher than the rated voltage of the
IGBTs can potentially damage these. The bypass switch protects the IGBTs
from voltages higher than the tap voltage vt in Figure 2.3, which the IGBT
switches. Two methods are used to turn on the thyristors in the bypass switch
to perform the over-voltage protection.
• Active protection: Measuring the input voltage allows the controller to
detect whether the input voltage is reaching dangerous levels; if this is
the case, then a control signal activates the bypass switch before the
IGBTs are damaged.
• Passive protection: Implementing break-over diodes to turn on the thyris-
tors in the bypass switches provides a passive protection mechanism. The
application of break-over diodes provides a failsafe method for perform-
ing the over-voltage protection since no control signal is required. This
method is discussed in more detail in Chapter 6.
2.2.4.2 Over-current protection
Protecting the IGBTs from high currents is very important since conducting
higher currents than those for which the specific IGBTs are rated, can poten-
tially damage them. Over-current protection is accomplished by means of the
same method as used above for over-voltage protection, namely, by switching
on the thyristors in the bypass switch. An over-current situation is detected
by two different methods, either by the output current measurement thats is
conducted by the controller or through fault signals generated by the IGBT
driver boards.
Measuring the voltage rise over the collector-emitter terminals of the IG-
BTs as the current rises through the IGBTs allows the IGBT driver board to
determine if the IGBT is conducting more current than that for which it is
rated. If the IGBTs are conducting more current than their ratings permit, the
IGBT driver boards will send a fault signal to the controller board, alerting
the controller board of the situation.
The controller activates the bypass switch if either the output current
reaches the limit or a fault signal is received from an IGBT driver board.
If large fault currents are caused by an unknown disturbance, the controller
must activate the bypass switch before the current through the IGBTs reaches
the limit of the IGBTs. Consequently, the controller must be fast enough to
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perform the over-current protection, which can be accomplished by means of
a field-programmable-gate-array (FPGA) controller.
2.2.5 Autotransformer
The autotransformer performs one simple yet vital role in providing the ad-
ditional higher voltage needed by the AC-chopper. An autotransformer is
much smaller than a distribution transformer of the same rating, since the
autotransformer only transforms the power needed to provide the higher tap
voltage.
The autotransformer used in this application is capable of reversing the
output of the transformer. Using the reversing switch allows the series wind-
ing to be connected in either a boosting or bucking series winding, depending
on the connections. Connecting the input voltage vin to the bottom terminal
of the series winding configures the autotransformer in a boosting[11] config-
uration, shown in Figure 2.7.(a). Connecting the input voltage vin to the top
terminal of the series winding configures the autotransformer in a bucking[11]
configuration, shown in Figure 2.7.(b).
−
vin
+
AC-chopper
+
VLoad
−
-
vt
+
−
vin
+
AC-chopper
+
VLoad
−
-
vt
+
(a) (b)
Common
Winding
Series
Winding
Figure 2.7: Autotransformer configurations; (a) Boosting configuration; (b) Buck-
ing configuration.
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2.3 Switching scheme
The switching scheme used to control the IGBT-based tap changer is based
on three integrated principles. Implementing pulse width modulation (PWM)
together with dead time allows the IGBT-based tap changer to regulate the
load voltage, but this can only be done if the IGBTs’ are commutated correctly.
Regulating the load voltage requires the duty cycle of the PWM to be
adjusted while the IGBT-based tap changer is in operation. Changing the
duty cycle of the PWM from 0% to 100% allows the IGBT-based tap changer
to adjust the load voltage to be between the input voltage and the series
winding voltage. Setting the duty cycle to 10% in Figure 2.8.(a), to 50% in
Figure 2.8.(b) and to 90% in Figure 2.8.(c) results in the following load voltages
for the respective duty cycles.
vLoad = vin + 0.1vt (duty cycle = 10%)
vLoad = vin + 0.5vt (duty cycle = 50%)
vLoad = vin + 0.9vt (duty cycle = 90%)
vLoad = vin + d vt (for any duty cycle)
(2.3.1)
Due to the non-ideal operation of the IGBTs, and to prevent them short-
circuiting the autotransformer, requires that dead time must be implemented.
Ts
10 %
Ts
Ts
50 %
Ts
Ts
90 %
Ts
(a) (b) (c)
To
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Sw
it
ch
B
ot
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it
ch
Figure 2.8: Gating signals for top and bottom bi-directional switches with Ts the
period of the switching frequency; (a) 10 % Duty cycle; (b) 50 % Duty cycle; (c)
90 % Duty cycle.
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Ideal IGBT operation requires the IGBTs to switch-off completely directly
after the gating signal has been removed. But IGBTs unfortunately do not
switch-off in this manner; instead, they only begin to switch-off after a short
time of delay around 1 µs. Furthermore, they will not switch-off completely,
but will rather switch-off in a timely fashion with the current falling and the
voltage rising over a non-fixed time period.
This switching off process necessitates the implementation of dead time
to the PWM. By switching one IGBT off and waiting a predetermined time
period, before the other IGBT is switched on, the first IGBT is allowed to
switch-off completely. This is not only done for the PWM but also for the zero
voltage crossing of the tap voltage. Changing from the one IGBT pair that is
switched on permanently to the other without dead time raises the possibility
of short-circuiting the autotransformer taps. Using dead time during the zero
voltage crossover prevents this from happening by switching off the first IGBT
pair and then waiting for the entire dead time period before switching on the
other IGBT pair.
The connections of the four IGBTs T1 to T4, shown in Figure 2.3, form
two synchronous buck converters operating separately from each other. The
one synchronous buck converter consists of IGBTs T1 and T4, which operate
during the negative cycle of the tap voltage vt. The second synchronous buck
converter, consisting of IGBTs T2 and T3, operates during the positive cycle
tap voltage vt. Operating these two synchronous buck converters together
requires a dedicated switching scheme, which controls the switching order or
commutation of the IGBTs.
The commutation determines which IGBTs must be switched on perma-
nently or pulse width modulated, depending on whether the tap voltage vt is
in the positive half-cycle or in the negative half-cycle. Figure 2.9 shows the
final implementation of the PWM together with the commutation with regard
to the sign magnitude of the input voltage.
During the positive half-cycle of the tap voltage vt, IGBTs T1 and T4 must
be switched on permanently, while IGBTs T2 and T3 are pulse width modu-
lated. The reverse is applied during the negative half-cycle of the input voltage
with IGBTs T2 and T3 switched on permanently, while IGBTs T1 and T4 are
pulse width modulated.
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Figure 2.9: Switching scheme of the AC-chopper used in the IGBT-based tap
changer.
The unfiltered result of switching the tap voltage vt in this manner is shown
in Figure 2.10 and measured at VL which is between the connection point of
IGBTs T2 and T3 and the output filter inductor iL in Figure 2.3.
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Figure 2.10: Expected unfiltered waveforms generated by the proposed switching
scheme; (a) Unfiltered output voltage measured at VL at between IGBTs T2 and T3;
(b) Inductor current iLO .
2.4 Control method
An output feedback method is implemented to control the voltage output of
the tap changer. Feeding the output voltage back into the controller allows the
controller to set the duty cycle of the pulse width modulation that is used to
control the IGBTs. The layout used for the feedback control method is shown
below in Figure 2.11.
The following symbols are used for the controller:
• Vref : Voltage reference used by the controller to determine the magnitude
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vLoad
C(s) G(s)
error D(s) vLoad
Figure 2.11: Symbolic layout of the feedback controller used in the tap changer.
of the error signal.
• error: The error signal, which is the measured load voltage VLoad sub-
tracted from the reference voltage.
• C(s): The compensator, which determines the new duty cycle with regard
to the error signal received.
• D(s): Duty cycle signal fed into the plant, as determined by the com-
pensator.
• G(s): The model of the plant in a mathematical representation of the
actual plant.
• VLoad: Load voltage.
The actual models for the plant and the compensator are evaluated in
Chapter 7 for implementation in a FPGA.
2.5 Summary
This chapter presented the full system circuit diagram for the IGBT-based tap
changer. The AC-chopper, which forms the converter in the IGBT-based tap
changer, was discussed. The additional passive components, which filter the
input and output voltages, were examined. The bypass switch that provides
over-voltage and over-current protection for the IGBTs, was investigated more
closely. Thereafter, the switching scheme used for the IGBTs was looked at,
and the chapter ended by presenting the feedback control proposed for the
IGBT-based tap changer.
Chapter 3
Detailed analysis
This chapter looks at the flow of the inductor current iL through the IGBT-
based tap changer while switching between the taps. Connecting the IGBTs
between the taps, as shown in Figure 2.3, and implementing the switching
scheme, set out in Figure 2.9, forces the inductor current to flow through a
specific set of IGBTs and diodes. Analyzing the flow of the inductor current
through the IGBTs is vital for understanding how the IGBT-based tap changer
manages to regulate the load voltage.
Looking at the current flow through the IGBTs and diodes over a single
period of the switching scheme provides the required insight into the operation
of the IGBT-based tap changer. Analyzing the flow of the inductor current
while this tap changer operates at the specifications provided in Table 3.1
provides some insight into its operation.
Description Symbol Value
Input voltage vs 6 351 V
Peak input voltage vspeak 8 981 V
Output current iO 100 A
Peak output current iOpeak 141 A
Switching frequency fs 10 kHz
Period of switching frequency Ts 100 µs
Tap voltage vt 635.1 V
Peak tap voltage vtpeak 898.1 V
Table 3.1: Operating specifications for IGBT-based tap changer.
The state of operation during which the analysis is conducted on is at the
peak of the tap voltage as indicated in Figure 3.1 with the switching period
indicated.
It is crucial to understand how the current flows through the IGBT-based
tap changer for both positive and negative inductor current. Thus, the IGBT-
27
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Figure 3.1: Time point at which analysis is conducted for the tap voltage vt.
based tap changer for both currents is analysed in two separate sections. The
IGBT-based tap changer during positive inductor current is analysed by using
a zero degree phase shift between the tap voltage vt and the inductor cur-
rent iL. The analysis for negative inductor current, in contrast, is done by
phase shifting the tap voltage with 60◦ in respect of the inductor current while
performing the analysis for positive tap voltage vt.
Performing both of these analyses illustrates the independence of the cur-
rent path with respect to the tap voltage.
The following section looks at the flow of the inductor current through the
IGBT-based tap changer in the case of positive inductor current.
3.1 Analysis for positive inductor current
The analysis of the current flow through the IGBT-based tap changer for
positive inductor current is done by means of a zero phase shift between the
tap voltage and the inductor current. This zero phase shift allows the analysis
to be conducted at the peak of the tap voltage vt and inductor current iL, as
shown in Figures 3.1 and 3.2. Using the inductor current as a pure sinusoid
furthermore simplifies the analysis by excluding the ripple component of the
inductor current, and it also allows the peak value of the inductor current to
equal the peak value of the output current iO.
The switching period of 100 µs, together with the relatively flat peaks of
the tap voltage and the inductor current, allows the analysis to be conducted
on constant voltages and currents. Figure 3.3 shows the voltages over and the
currents through each of the IGBTs and the anti-parallel diodes.
The diagram shows the gating signals applied to the IGBTs. The imple-
mentation of the switching scheme is evident with IGBTs T1 and T4 switched
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Figure 3.2: Time point at which analysis is conducted for the output current iL.
on permanently, while T2 and T3 are pulse width modulated. The duty cycle
of the PWM is set at 50 % including dead time.
The analysis starts at the beginning of the switching cycle with both IGBTs
T2 and T3 switched off for the entire duration of t1. For the duration of t1
everything is constant, with the inductor current flowing through IGBT T4
and diode D3 as indicated in Figure 3.4.(c).
The IGBT-based tap changer enters t2 in Figure 3.1 as soon as the dead
time has elapsed and IGBT T2 is switched on. The switching on process of
IGBT T2 then starts with IGBT T2 taking over the inductor current conducted
by diode D3. During the current takeover from diode D3 to IGBT T2, the
current iD3 fall rate through the diode will equal the current icT2 rise rate of
IGBT T2. The path of the inductor current that occurs as a result of this
exchange is shown in Figure 3.4.(b) with IGBTs T2 and T4 and diodes D1 and
D3 conducting the inductor current.
The IGBT-based tap changer enters t3 after the current has reached zero,
thereby allowing diodeD3 to switch off and become reverse biased. The reverse
biasing of diode D3 allows IGBT T2 to lower the vceT2 voltage over itself, while
raising voltage vceT3 over IGBT T3. The effect of this raising and lowering of
the voltages over the IGBTs on diodes D2 and D3 is that the voltages vFD2
and vFD3 over the diodes are also raised and lowered, though only into negative
values, as shown in Figure 3.3.
The current icT2 through IGBT T2 does not change during t3 and the current
path of the inductor current iL through the IGBT-based tap changer is shown
in Figure 3.4.(a). After the collector-emitter voltage vceT2 of IGBT T2 has
reached the IGBTs saturation voltage, the IGBT-based tap changer will enter
t4(see Figure 3.3).
Nothing changes for the entire duration of t4, as the full inductor current
iL flows through IGBT T2; the collector-emitter voltage vceT2 of the IGBT
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Figure 3.3: Voltage over and current through all the IGBTs and diodes together
with the gating signals for the IGBTs over one switching period.
remains low, as the gating signal is applied. The time duration of t4 depends
on the duty cycle and ends before the set time of the duty cycle in order to
implement the dead time.
Switching IGBT T2 off at the end of t4 forces the IGBT-based tap changer to
enter t5 with IGBT T2 switching off. The switch-off process operates in reverse
as the switch-on process by first raising the collector-emitter voltage vceT2 of
IGBT T2. This results in the vFD2 voltage of diode D2 becoming negative and
rising negatively at the same rate as for IGBT T2. The vceT3 voltage over IGBT
T3 and the vFD3 voltage over diode D3 decreases at the same rate as the vceT2
voltage over IGBT T2 increases. The icT2 current flowing through IGBT T2
does not change for the entire duration of t5 because no other current path is
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available, and it thus follows the route shown in Figure 3.4.(a). At the instant
when the vceT2 voltage reaches the tap voltage, diode D3 will switch on, thus
allowing it to conduct the inductor current and forcing the IGBT-based tap
changer into t6.
Entering t6 (see Figure 3.3) allows IGBT T2 to complete the switch-off
process by handing over the inductor current to diodeD3. The inductor current
exchange between IGBT T2 and diode D3 occurs in a near linear fashion, with
the rise rate of the diode current iD3 equalling the current fall rate of the IGBT
icT2 . IGBT T2 switches off completely once the current through the IGBT has
reached zero.
The IGBT-based tap changer continues into t1 after t6 has been completed,
which causes the entire process from t1 to t6 to repeat itself for the next
switching cycle.
If a phase shift occurs between the tap voltage and the inductor current, and
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Figure 3.4: Diagrams showing the flow of positive inductor current through the
IGBT-based tap changer; (a) T2 switched on with T2 and D1 conducting the inductor
current; (b) Both T2 and T3 switched off with inductor current split between T2, T4,
D1 and D3; (c) T3 switched on with T4 and D3 conducting the inductor current.
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the inductor current thus goes negative while the tap voltage is still positive,
the inductor current will simply just take a different path through the IGBT-
based tap changer. This path is explained in the next section. The switchover
from positive to negative inductor occurs by itself due to the bi-directional
switching behaviour of the IGBTs and the anti-parallel diodes.
3.2 Negative inductor current
In this section, the flow of the inductor current through the IGBT-based tap
changer while the inductor current is negative is analysed. Introducing a 60◦
phase shift between the tap voltage and the inductor current with the current
leading provides the required situation for this analysis. Figure 3.5 shows
where the analysis is conducted with regard to the phase shift between the tap
voltage and the inductor current.
The analysis is performed over one switching period (namely Ts) of the
switching cycle, at the position shown in Figure 3.5 with positive tap voltage
while the inductor current is negative. Due to the short time duration of a
single switching cycle, the magnitudes of the tap voltage and the inductor
current are kept constant for the entire duration of the analysis. This helps
to simplify the waveforms, which are illustrated in Figure 3.6. Excluding
the ripple component of the inductor current helps to simplify the waveforms
further. Using 450 V as the tap voltage at the time point relevant for the
analysis and an inductor current of 70.5 A, lowers the values of the waveforms
compared with Figure 3.3.
The analysis of the current flowing through the IGBT-based tap changer
for negative inductor current starts at t1. With IGBTs T1 and T4 switched on
due to the switching scheme, and IGBT T2 and T3 switched off, the inductor
current flows through IGBT T1 and diode D2, as shown in Figure 3.7.(a).
Switching on IGBT T2 after the dead time has passed does not influence the
current flowing through the IGBT-based tap changer, as the inductor current is
already flowing through diodeD2. Switching IGBT T2 on, however, provides an
alternative path for the inductor current to flow in the event that the inductor
current changes from negative to positive. Switching off IGBT T2 does not
influence the flow of the negative inductor current through the IGBT-based
tap changer, because of the current already flowing through diode D2.
However, if the inductor current changes from negative to positive current
while IGBT T2 is switched off, the current will flow through the snubber ca-
pacitor Cs. This situation is described in Chapter 4, when the design of the
snubber capacitor is presented.
Switching on IGBT T3 after the dead time has elapsed between IGBT T2
and T3 forces the IGBT-based tap changer to enter into t2. Starting t2 with
diodeD2 conducting the full inductor current sees the current falling over time.
Current iD2 decreasing through diode D2 results in current icT3 rising at the
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Figure 3.5: Time point at which analysis is conducted for the tap voltage vt and
output current iL.
same rate. The handover of the current from diode D2 to IGBT T3 results in
the inductor current flowing through both the top and bottom taps as, shown
in Figure 3.7.(b).
Diode D2 switches off after the current through the diode has reached zero,
thus forcing the IGBT-based tap changer into t3, with IGBT T3 conducting
the full inductor current, as shown in Figure 3.7.(c). The vceT2 voltage over
the collector-emitter terminals of IGBT T2 increases together with the vFD2
voltage over diode D2. The increasing voltages over IGBT T2 and diode D2
result in both the collector-emitter voltage vceT3 of IGBT T3 and voltage vFD3
over diode D2 falling at the same rate and thus ending t3. With the full
tap voltage vt over IGBT T2 and diode D2, while IGBT T3 has reached full
saturation voltage together with diode D3, which has switched on completely.
Once IGBT T3 has switched on completely, together with diode D3, while
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Figure 3.6: Voltage over and current through all the IGBTs and diodes together
with the gating signals for the IGBTs over one switching period.
conducting the full inductor current through IGBT T3 and diode D4, allows
the IGBT-based tap changer to enter t4.
As nothing changes, or switches on or off for the entire duration of t4, causes
the IGBT-based tap changer operates in a steady state. The duration of t4 is
determined by the duty cycle of the PWM. It ends by switching IGBT T3 off as
determined by the duty cycle, thus resulting in the IGBT-based tap changer
entering t5. IGBT T3 switches off by increasing the vceT3 voltage over its
collector-emitter terminals. This, in turn, results in the vFD3 voltage increase
over diode D3, while the voltages over IGBT T2 and diode D2 decreases at the
same rate. t5 ends with diode D2 switching on after the voltage over IGBT T3
has reached the tap voltage vt which allows diode D2 to take over the current
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from IGBT T3 which now enters the IGBT-based tap changer into t6.
When diode D2 switches on at the beginning of t6, it allows the diode
to take over the current from IGBT T3. The rate at which IGBT current icT3
decreases through IGBT T3 equals the rate at which diode current iD2 increases,
until diode D2 conducts the full inductor current and IGBT T3 switched off
completely. The IGBT-based tap changer returns to t1, with diode D2 and
IGBT T1 conducting the full inductor current while IGBT T3 and T2 are both
switched off. However, IGBT T2 is switched after the dead time period has
elapsed, thus providing an alternative current path if the inductor current
changes from negative to positive.
The IGBT-based tap changer repeats the processes from t1 to t6 for each
switching cycle for negative inductor current. Figure 3.5 shows the positive
tap voltage vt together with the negative inductor current at the moment of
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Figure 3.7: Diagrams showing negative current flowing through the IGBT-based
tap changer for negative inductor current and different gating signals; (a) T2 switched
on with T1 and D2 conducting; (b) T2 and T3 switched off, with the inductor current
split between top and bottom taps and flowing through T1, T3, D2 and D4; (c) T3,
switched on with T3 and D4 conducting the negative inductor current.
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analysis. However, the tap voltage goes negative after 10 ms, while the inductor
current remains negative. The only influence that the change of polarity of
the tap voltage has on the IGBT-based tap changer is that is changes the
switching order of the IGBTs according to the switching scheme in Figure 2.9.
The current path, however, does not change as the switching order changes for
the negative tap voltage change, which results in the IGBT-based tap changer
switching the current through the same paths as just described.
3.3 Summary
This chapter looked at the flow of the inductor current through the IGBTs,
which are used in the IGBT-based tap changer. Diagrams were to illustrate
the rise and fall of all the voltages and currents in the various IGBTs and
diodes. Lastly, the flow of the inductor current was analysed for both positive
and negative inductor current while maintaining a positive tap voltage.
Chapter 4
Detailed design of the main
components
This chapter looks in detail at the main components used in the IGBT-based
tap changer. The various components covered in this chapter are listed below
together with a brief description of each.
• Conduction losses: Mathematical models are derived for the conduction
losses in the IGBTs and the diodes.
• Switching losses: Mathematical models are derived for the switching
losses generated by the IGBTs.
• Heat sink design: A detailed heat sink analysis is done to determine the
appropriate operating parameters.
• Filter components design: The circuit of the filter is simplified in order to
derive a mathematical model that can be used to determine the required
values for the capacitors and inductor.
• Snubber capacitor design: Mathematical equations are derived in order
to calculate the required capacitance of the snubber capacitor.
4.1 Conduction losses
The losses generated in the semiconductors, which are used in the IGBT-based
tap changer, consist of two components. The IGBTs generate conduction and
switching losses, whereas the diodes only generate conduction losses. These
losses are in the form of heat, which must be conducted away from the semi-
conductors to prevent them from being damaged. The design of the heat sink
is explained in a following section (Section 4.3).
This section looks only at the conduction losses generated by both the IG-
BTs and the diodes. Conduction losses are generated while the semiconductor
37
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is conducting the inductor current. The magnitude of these losses depends on
the magnitude of the inductor current as well as the on-state voltage of the
specific semiconductor.
Figure 2.3 in Chapter 2 sets out the reference position for the voltages
and currents that are used to derive the equations for the conduction losses.
Figure 4.1 illustrats the voltage and current waveforms through each of the
semiconductors. Figure 4.1.(a) shows the tap voltage vt over the IGBTs with a
peak voltage VT . Figure 4.1.(b) shows the inductor current iL through inductor
LO with a peak current value IO. The phase shift φ refers to the phase shift
between the tap voltage vt and the inductor current iL with the inductor
current lagging the voltage. Figures 4.1.(c) to 4.1.(f) shows the current through
each IGBT and diode.
The average current [4] through the top switches T1 and T2 and diodes D1
and D2 is given by (4.1.1) below, with D referring to the duty cycle of the
PWM:
ITOP =
1
2pi
∫ pi
0
DIO sin θdθ
=
DIO
pi
(4.1.1)
The average current through the bottom switches T3 and T4 and diodes D3
and D4 is given by (4.1.2) below:
ITOP =
1
2pi
∫ pi
0
(1−D)IO sin θdθ
=
(1−D)IO
pi
(4.1.2)
Multiplying the average current through the device with the on-state volt-
age gives the conduction losses generated by the devices.
The conduction losses for the top IGBTs T1 and T2 is given by (4.1.3)
below, with Vce(sat) referring to the on-state saturation voltage of the IGBTs:
PcondT1 = PcondT2 =
Vce(sat)DIO
pi
(4.1.3)
The conduction losses for the bottom IGBTs T3 and T4 is given below in
(4.1.4):
PcondT3 = PcondT4 =
Vce(sat)(1−D)IO
pi
(4.1.4)
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Figure 4.1: Current flowing through switches and diodes.
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The conduction losses for the top diodes D1 and D2 is given below by
(4.1.5) with VF as the on-state forward voltage of the diode.
PcondD1 = PcondD2 =
VFDIO
pi
(4.1.5)
The conduction losses in the bottom diodes D3 and D4 expressed by (4.1.6)
below:
PcondD3 = PcondD4 =
VF (1−D)IO
pi
(4.1.6)
The total amount of conduction losses generated is expressed by (4.1.7)
below:
Pcond = 2
Vce(sat)IO
pi
+ 2
VF IO
pi
(4.1.7)
4.2 Switching losses
The switching losses generated by the IGBTs represent the second component
of the two loss components generated by the IGBTs, with conduction losses
making up the first component. The IGBTs are the only components capable
of generating switching losses, and thus this section focuses only on the IGBTs
when calculating the switching losses. These are generated in IGBTs because
these components dissipate energy whenever they switch-on or -off. As a result,
the calculations need only focus on ascertaining the energy dissipated at those
times.
Figure 4.2.a shows the tap voltage vt and the filter inductor current iL that
are used in the switching loss calculations.
Figure 4.2 provides the basis from which the switching losses for each in-
dividual IGBT can be calculated. The equations for the switching losses for
each IGBT are derived in the following sections.
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Figure 4.2: Voltage over and current through the IGBTs while switching at rated
power.
4.2.1 Switching losses for IGBT T1
The voltage over the collector-emitter terminals or Vce1 voltage, as well as the
collector current ic1 for IGBT T1 is depicted in Figure 4.3.
Figure 4.3 shows that the switching scheme only operates IGBT T1 during
the negative half cycle of the tap voltage vt. The IGBT has a low switched
on collector-emitter voltage, while the inductor current is flowing through the
IGBTs. The IGBT conducts no inductor current while it is switched off and
the collector-emitter voltage follows the tap voltage.
The switching losses for all the IGBTs are approximated [4] by summing
the contribution of the switching pulses over one cycle of the fundamental,
thus resulting in (4.2.1):
Psw =
1
TO
∑
k
EvtkiLk
≈ VT IOE
TOTsωO
∫ 2pi
pi+φ
sin θ sin (θ − φ)dθ (4.2.1)
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Figure 4.3: Collector-emitter voltage Vce1 and collector current ic1 of IGBT T1.
With E the normalized switching energy of an IGBT given by (4.2.2) below.
E =
Eon + Eoff
VCCtestICtest
(4.2.2)
The test voltage VCCtest and the test current ICCtest are the voltage and
current at which the turn-on energy Eon and turn-off energy Eoff has been
measured. Dividing the turn-on and turn-off energies with the test voltage and
the test current, result in the switching energy of the IGBT to be normalised.
Simplifying (4.2.1) by substituting fs = 1Ts and ωO =
2pi
TO
into the equation
results in (4.2.3) below.
Psw =
VT IOEfs
2pi
∫ 2pi
pi+φ
sin θ sin (θ − φ)dθ (4.2.3)
Solving (4.2.3) by solving the integral part first uses (4.2.4) [12] below:
sinA sinB =
1
2
[
cos(A−B)− cos(A+B)
]
(4.2.4)
Substituting A = θ and B = θ - φ into (4.2.4):
sin θ sin(θ − φ) = 1
2
[
cos(θ − θ + φ)− cos(θ + θ − φ)
]
=
1
2
[
cosφ− cos(2θ − φ)
]
(4.2.5)
Using (4.2.6) [12] to simplify the last term in (4.2.5):
cos(A−B) = cosA cosB + sinA sinB (4.2.6)
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Substituting A = 2θ and B = φ into (4.2.6) delivers (4.2.7):
cos(2θ − φ) = cos 2θ cosφ+ sin 2θ sinφ (4.2.7)
Substituting (4.2.7) into (4.2.5) delivers (4.2.8):
sin θ sin(θ − φ) = 1
2
cos θ − 1
2
cos 2θ cosφ− 1
2
sin 2θ sinφ (4.2.8)
(4.2.8) is used to solve the integral part of (4.2.3). Using ω1 as the bottom
boundary and ω2 as the top boundary for the integral allows (4.2.9) to be used
for the switching loss calculations of the other IGBTs as well.∫ ω2
ω1
sin θ sin (θ − φ)dθ =
∫ ω2
ω1
(
1
2
cosφ− 1
2
cos 2θ cosφ− 1
2
sin 2θ sinφ
)
dθ
=
1
2
cosφ(θ)
∣∣∣∣∣
ω2
ω1
− 1
2
cosφ
[
1
2
sin 2θ
]∣∣∣∣∣
ω2
ω1
+
1
2
sinφ
[
1
2
cos 2θ
]∣∣∣∣∣
ω2
ω1
=
1
2
[ω2 − ω1] cosφ− 1
4
cosφ[sin 2ω2 − sin 2ω1] + 1
4
sinφ[cos 2ω2 − cos 2ω1]
(4.2.9)
(4.2.3) and (4.2.9), in conjunction with Figure 4.3, are the basis on which
the switching losses for the IGBT T1 are calculated. Since the IGBT generates
switching losses only during the negative half cycle of the tap voltage vt and
since the current is phase shifted by φ, this results in the switching losses to
be generated from pi + φ to 2pi radians, as illustrated in Figure 4.3.
Substituting (4.2.9) into (4.2.3), and using the boundaries of pi + φ to 2pi,
results in switching losses for IGBT T1 below:
PswT1 =
VT IOEfs
2pi
∫ 2pi
pi+φ
sin θ sin (θ − φ)dθ
=
VT IOEfs
2pi
(
1
2
[2pi − pi − φ] cosφ− 1
4
cosφ[sin 4pi − sin (2pi + 2φ)]
+
1
4
sinφ[cos 4pi − cos (2pi − 2φ)]
)
=
VT IOEfs
2pi
(
1
2
[pi − φ] cosφ+ 1
4
cosφ sin 2φ− 1
4
sinφ cos 2φ+
1
4
sinφ
)
=
VT IOEfs
2pi
(
1
2
[pi − φ] cosφ+ 1
4
[sin 2φ cosφ− cos 2φ sinφ] + 1
4
sinφ
)
=
VT IOEfs
2pi
(
1
2
[pi − φ] cosφ+ 1
4
sin (2φ− φ) + 1
4
sinφ
)
=
VT IOEfs
4pi
(
[pi − φ] cosφ+ sinφ
)
(4.2.10)
CHAPTER 4. DETAILED DESIGN OF THE MAIN COMPONENTS 44
vce2
ic2
2pi0 ω0tpiφ
VT
IO
Figure 4.4: Collector-emitter voltage Vce2 and collector current ic2 of IGBT T2
4.2.2 Switching losses for IGBT T2
The switching losses for IGBT T2 are calculated by means of the same pro-
cedure as used for IGBT T1. The only difference is the period during which
the IGBT generates the switching losses. Figure 4.4 shows the period during
which the IGBT is busy switching and conducting current.
Figure 4.4 shows that IGBT T2 is pulse width modulated during the positive
cycle of the tap voltage vt. The figure also indicates that the IGBT only
conducts positive inductor current, independently of the tap voltage.
Figure 4.4 shows that IGBT T2 is generating switching losses from φ to pi.
Substituting (4.2.9) into (4.2.3) with the boundaries set to φ and pi radians,
results in the switching losses for IGBT T2 as expressed by (4.2.11) below.
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PswT2 =
VT IOEfs
2pi
∫ pi
φ
sin θ sin (θ − φ)dθ
=
VT IOEfs
2pi
(
1
2
[pi − φ] cosφ− 1
4
cosφ[sin 2pi − sin 2φ]
+
1
4
sinφ[cos 2pi − cos 2φ]
)
=
VT IOEfs
2pi
(
1
2
[pi − φ] cosφ+ 1
4
cosφ sin 2φ− 1
4
sinφ cos 2φ+
1
4
sinφ
)
=
VT IOEfs
2pi
(
1
2
[pi − φ] cosφ+ 1
4
[sin 2φ cosφ− cos 2φ sinφ] + 1
4
sinφ
)
=
VT IOEfs
2pi
(
1
2
[pi − φ] cosφ+ 1
4
sin (2φ− φ) + 1
4
sinφ
)
=
VT IOEfs
4pi
(
[pi − φ] cosφ+ sinφ
)
(4.2.11)
4.2.3 Switching losses for IGBT T3
The switching losses generated by IGBT T3 are calculated by means the same
method as used for IGBT T1 and T2. Figure 4.5 shows the collector-emitter
voltage VceT3 over the IGBT and the collector current ic3 through the IGBT.
The implementation of the switching scheme is evident in Figure 4.5, and
it shows that IGBT T3 is switching during the positive cycle of the tap voltage
vt while conducting the negative inductor current iL.
vce3
ic3
2pi0 ω0tpiφ
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Figure 4.5: Collector-emitter voltage Vce3 and collector current ic3 of IGBT T3.
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IGBT T3 generates switching losses only during the period when the tap
voltage is positive and the inductor current is negative, in other word, from 0
to φ radians.
Substituting (4.2.9) into (4.2.3) and adding the boundaries off 0 to φ radians
results in the switching losses for IGBT T3 as expressed below in (4.2.12).
PswT3 =
VT IOEfs
2pi
∫ φ
0
sin θ sin (θ − φ)dθ
=
VT IOEfs
2pi
(
1
2
φ cosφ− 1
4
cosφ[sin 2φ− sin 0] + 1
4
sinφ[cos 2φ− cos 0]
)
=
VT IOEfs
2pi
(
1
2
φ cosφ− 1
4
cosφ sin 2φ+
1
4
sinφ cos 2φ− 1
4
sinφ
)
=
VT IOEfs
2pi
(
1
2
φ cosφ− 1
4
[sin 2φ cosφ− cos 2φ sinφ]− 1
4
sinφ
)
=
VT IOEfs
2pi
(
1
2
φ cosφ− 1
4
sin (2φ− φ)− 1
4
sinφ
)
=
VT IOEfs
4pi
(
φ cosφ− sinφ
)
(4.2.12)
4.2.4 Switching losses for IGBT T4
The same method used for calculating the switching losses for the previous
IGBTs is used for IGBT T4. Figure 4.6 shows the IGBT switching during the
negative cycle of the tap voltage vt while only conducting positive inductor
current.
vce4
ic4
2pi0 ω0tpi pi + φ
VT
IO
Figure 4.6: Collector-emitter voltage Vce4 and collector current ic4 of IGBT T4.
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The period during which IGBT T4 generates losses is from pi to pi + φ
radians as shown in Figure 4.6.
Substituting (4.2.9) into equation4.2.3 and adding the boundaries from pi
to pi + φ radians delivers the switching losses for IGBT T4 as expressed in
(4.2.13) below.
PswT4 =
VT IOEfs
2pi
∫ pi+φ
pi
sin θ sin θ − φdθ
=
VT IOEfs
2pi
(
1
2
[pi + φ− pi] cosφ− 1
4
cosφ[sin (2pi + 2φ)− sin 2pi]
+
1
4
sinφ[cos (2pi + 2φ)− cos 2pi]
)
=
VT IOEfs
2pi
(
1
2
φ cosφ− 1
4
cosφ sin 2φ+
1
4
sinφ cos 2φ− 1
4
sinφ
)
=
VT IOEfs
2pi
(
1
2
φ cosφ− 1
4
[sin 2φ cosφ− cos 2φ sinφ]− 1
4
sinφ
)
=
VT IOEfs
2pi
(
1
2
φ cosφ− 1
4
sin (2φ− φ)− 1
4
sinφ
)
=
VT IOEfs
4pi
(
φ cosφ− sinφ
)
(4.2.13)
The above equations that have been derived for the switching losses for all
IGBTs include the phase shift between the voltage and current. However, if
the phase shift is leading, the equations will deliver a negative value. This is
not possible in practice. This must therefore be accounted for when calculating
the switching losses, as it can influence the results if it is ignored.
4.3 Heat sink design
The various types of losses analysed in the previous sections all create heat
in the IGBTs. This heat forms at the junction of the IGBTs, and it must
be conducted away from these before the junction temperature exceeds the
maximum allowable junction temperature. If this happens, it may damage the
IGBTs; consequently, adequate cooling must be used to cool the IGBTs.
Many different methods can be employed to cool the IGBTs, but all these
methods make use of a heat sink. This provides a physical platform for the
IGBTs. Essentially, it conducts the heat away from the casing of each IGBT
module, causing the heat sink itself to warm up over time. The heat sink
warms up until a state of equilibrium is reached between the amount of heat
it absorbs and the amount of heat it dissipates. If too much heat is generated
by the components and the heat sink cannot dissipate it effectively to cool the
IGBTs, then additional cooling methods must be used.
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One option is to use a larger heat sink, as this provides a larger contact area
to the surrounding air. But there are practical limitations with this too, due
to the weight and size of the heat sink. Other options involve active cooling
solutions that range from forced air cooling to water cooling and oil cooling.
Forced air cooling makes use of fans blowing air over the fins of the heat sink,
thereby cooling it down. As this is the cheapest and easiest to install, forced
air cooling is a viable choice, but it is not as effective as water or oil cooling.
Water cooling makes use of a specially designed heat sink, which allows
water to flow via pipes through the core of the heat sink. But designing
such a water cooling system is consequently more complicated, because it
must accurately determine the pressure and volume of water that has to flow
through the pipes to cool the heat sink the most effectively. The risk of water
leakages in a high voltage system poses a major risk when using such a system
inside the IGBT-based tap changers.
Oil cooling use more or less the same type of design as that used for water
cooling, but the risk of a leak does not present such a major risk. In both
cases, however, another potential problem comes from the pumps required to
circulate either the oil or the water. If the pump fails, it will stop all coolant
flowing between the heat sink and the cooling source; this will prevent the
heat sink from cooling down, which can potentially damage the IGBTs. Using
forced air cooling, in contrast, does not pose the same level of risk if the fans
should fail, due to the size of the heat sink used.
In view of the above, the cooling solution that was implemented in our
system included a heat sink, supplemented with fan-assisted forced air cooling.
The ease of design, as well as its straightforward implementation and the
lower risks meant that forced air cooling was the most sensible choice in these
circumstances.
The heat sink was designed in such a way that all four IGBTs were mounted
onto a single heat sink, thereby minimizing the space required for the heat sink.
Figure 4.7 [4] shows the thermal model used for this particular heat sink design.
The thermal design takes into account the thermal resistance of each device as
a resistance, while showing the temperatures at different locations within the
system.
Heat generated at the junction of IGBT T1 raises the junction temperature
TjT1 of the IGBT. This forces heat to flow from the junction to the case of the
IGBT module due to the temperature difference over the thermal resistance
RthT1 (j−c) of the IGBT. Heat flowing to the case of the IGBT module raises
the case temperature TcM1 of the module. This in turn creates a temperature
difference over the thermal resistance RthM1 (c−s) of the module, with the case
temperature TM1(c−s) higher than the heat sink temperature Ts. This temper-
ature difference allows heat to flow from the case of the IGBT module to the
heat sink, thus causing the heat sink temperature Ts to rise. The temperature
difference over the thermal resistance of the heat sink Rthsink(s−a), with the
sink temperature Ts higher than the ambient temperature Ta, allows heat to
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Figure 4.7: Thermal model of four IGBTs placed on one heat sink.
flow through the heat sink to the outside. The air generated by the fans and
flowing over the heat sink extracts the heat, cooling the heat sink down. The
heat sink also cools down through natural convection.
This flow of heat sustains itself, because the losses inside the IGBTs are
continuously generating heat. The generated heat keeps the junction temper-
ature at its highest level, which drops across the different measuring points
until it reaches the ambient temperature, where it is the lowest. The same
process holds for all the other IGBTs and diodes.
The first step of designing the heat sink was to choose a heat sink that
would be easily obtainable and then to calculate the maximum switching fre-
quency for that specific heat sink. The thermal model in Figure 4.7 was then
simplified, and thereafter an equation was derived to provide the maximum
switching frequency of the IGBT-based tap changer. This design process was
implemented in Chapter 5.
The switching scheme implemented to control the IGBTs of the IGBT-
based tap changer forces IGBTs T1 and T4 to form one switching pair and
IGBTs T2 and T3 the other switching pair. According to the analysis conducted
in Chapter 3, only one IGBT generates switching and conduction losses at any
given moment, while one diode conducts the inductor current. The losses
generated by the switching of an IGBT generates the largest amount of heat,
resulting in the design to be done for IGBT T1. Thus, designing the heat sink
with the tap voltage negative as well as the inductor, this designs the heat
sink for the losses of IGBT T1 as well as the conduction losses of diode D2.
However, designing the heat sink for any other configuration, delivers the same
results.
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Figure 4.8: Thermal model of two IGBTs with anti-parallel diodes placed on a
single heat sink.
The heat sink design is thus done by incorporating the maximum negative
tap voltage over the IGBTs with a zero phase shift between the tap voltage and
the load current. Implementing a zero phase shift with φ = 0 into (4.2.10) and
(4.2.13) results in IGBT T1 generating all the switching losses, while IGBT T4
generates none. This forces the heat sink design to be done with only IGBT T1
generating switching losses, while diode D2, generates the conduction losses.
The conduction losses of diodeD4 and IGBT T3 are thus not taken into account
in the heat sink design because these components are not generating losses at
the same time as the switching and conduction losses for IGBT T1 and diode
D2. The switching losses of IGBT T1 are also larger than the conduction losses
of IGBT T3 and diode D4 together. As a result the heat sink design only took
into account the losses of IGBT T1 and diode D2.
Figure 4.8 shows the thermal model for IGBT T1 together with diode D2.
The maximum amount of heat that can be dissipated by the heat sink in
the form of power is given by (4.3.1) below.
Psink =
Ts − Ta
Rthsink(s−a)
(4.3.1)
The maximum amount of heat that the heat sink can dissipate can also
be calculated as the sum of the heat generated by IGBT T1 and diode D2 in
(4.3.2) below.
Psink = PD2 + PT1 (4.3.2)
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The losses generated by diode D2 consists only of conduction losses, which
are calculated with (4.1.5). The heat losses generated by IGBT T1 are ex-
pressed in (4.3.3).
PT1 =
Tj(max) − Ts
RthT1 (j−c) +RthM1 (c−s)
(4.3.3)
Substituting (4.3.1) and (4.3.3) into (4.3.2) provides the maximum sink
temperature Ts in (4.3.4) below.
Ts − Ta
Rthsink(s−a)
= PD2 +
Tj(max) − Ts
RthT1 (j−c) +RthM1 (c−s)
Ts =
(
PD2 +
Ta
Rthsink(s−a)
+
Tj(max)
RthT1 (j−c) +RthM1 (c−s)
)
( Rthsink(s−a)[RthT1 (j−c) +RthM1 (c−s)]
Rthsink(s−a) +RthT1 (j−c) +RthM1 (c−s)
)
(4.3.4)
The losses generated by IGBT T1 in (4.3.5) results from calculating Ts in
(4.3.4) and then substituting (4.3.1) into (4.3.2) with Ts known.
PT1 = Psink − PD2
=
Ts − Ta
Rthsink(s−a)
− PD2 (4.3.5)
But the total losses generated by the IGBT T1 consist of both conduction
and switching losses shown in (4.3.6) below.
PT1 = PcondT1 + PswT1 (4.3.6)
The conduction losses PcondT1 for IGBT T1 are expressed (4.1.3). The
switching losses PswT1 for IGBT T1 are calculated by means of (4.2.10), but
the phase angle φ = 0 simplifies (4.2.10) into the following.
PswT1 =
VT IOEfs
4
(4.3.7)
Solving fs in (4.3.7) and substituting (4.3.6) into (4.3.7) results in the
maximum allowable switching frequency given below in (4.3.8).
fs(max) =
4(PT1 − PcondT1 )
VT IOE
(4.3.8)
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4.4 Filter components design
The filtering mechanism used for the IGBT-based tap changer consists of ca-
pacitors C1 and C2 together with output inductor LO.
The components are connected as shown in Figure 4.9; this allows the
capacitors C1 and C2 to act together as an input and output filter at the same
time.
The output inductor LO connects between the converter and the load to
filter out the switching harmonics, whereas capacitors C1 and C2 provide a
return path for the inductor ripple current.
Simplifying the layout in Figure 4.9 involves replacing the autotransformer
with two ideal voltage sources vs1 and vs2 . L1 represents the leakage inductance
of the series winding of the autotransformer.
Current sources I1 and I2 in Figure 4.9 represent the current through the
respective IGBTs. Current source I1 represents the current through IGBTs T1
and T2 while I2 denotes the current through IGBTs T3 and T4. The current
waveforms of I1 and I2 are shown in Figure 4.11 and, when added together,
signify the output current iO.
Using superposition simplifies the filter model in Figure 4.9 by short-
circuiting the voltage source vs1 and vs2 . The output inductor LO is omitted
because it is not relevant for the design of the capacitors. The resulting model
is shown in Figure 4.10.
The simplified filter model illustrated in Figure 4.10 is in fact made up of
vs1
vs2
L1
I1
C1
C2 I2
LO io
Figure 4.9: Filter components consisting of capacitors C1 and C2 together with
inductor LO.
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two models. Figure 4.10.(a) shows current source I1 with I2 open circuited,
while Figure 4.10.(b) shows I2 with I1 open circuited.
It must be noted that the models given in Figures 4.10.(a) and 4.10.(b) are
symmetrical with only the current sources changing. This allows the design to
be done for only one model, since the same results can be gathered with the
other.
Capacitors C1 and C2 have been designed with respect to the model in
Figure 4.10.(a). The goal of the design is to minimize the impedance in the
current path for current Ia while maximizing the impedance for current path Ib.
Designing the filter components in this manner limits the amount of the ripple
component which goes through the series winding of the autotransformer. The
current flow through Ia with respect to I1 is summarised by (4.4.1) below.
Ia =
sL+ 1
sC
1
sC
+ 1
sC
+ sL1
I1 (4.4.1)
sL1 Ib
I1
1
sC
Ia
1
sC
Ib
I1
(a)
sL1 Ib
1
sC
Ib
1
sC
Ia
I2
I2
(b)
Figure 4.10: Simplified filter models; (a) Simple filter model with I1 conduct-
ing and I2 open circuited; (b) Simple filter model with I2 conducting and I1 open
circuited.
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iO
I1
I2
2pi0 ω0tpi
2pi0 ω0tpi
2pi0 ω0tpi
Figure 4.11: Current waveform used to represent the current source I1 and I2
with respect to the output current iO.
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Choosing the amount of current that flows through Ia to be 95% of I1
results in the capacitance of C1 and C2, with ω the cut-off frequency of the
filter:
Ia =
sL1 +
1
sC
1
sC
+ 1
sC
+ sL1
I1
0.95I1 =
sL1 +
1
sC
1
sC
+ 1
sC
+ sL1
I1 (Ia = 0.95I1)
0.95(
2
sC
+ sL1) = sL1 +
1
sC
1
sC
(1.9− 1) = sL1(1− 0.95)
0.9
1
sC
= 0.05sL1
C =
0.9
0.05s2L1
C =
18
ω2L1
(s = jω) (4.4.2)
The inductance of inductor LO is calculated by using the same method as
that of a synchronous buck converter operating in the continuous-conduction
mode, because the AC-chopper used in the IGBT-based tap changer inherently
consists of two synchronous buck converters. The maximum peak-to-peak
ripple current of inductor LO is calculated by means of (4.4.3) [13] below.
∆iL =
D(1−D)Vt
LOfs
(4.4.3)
Reworking (4.4.3) results in the inductance of inductor LO to be calculated
by (4.4.4) below.
LO =
D(1−D)Vt
∆iLfs
(4.4.4)
4.5 Snubber capacitor design
The design of the snubber capacitor Cs depends on the operating conditions
of the capacitor. The capacitor, as already stated in Chapter 2, conducts the
inductor current iL in two different situations: firstly, during the dead time of
the switching scheme and, secondly, after the power to either the controller or
the IGBT driver circuits has failed. The current path followed by the inductor
current during either of these two situations is depicted below in Figure 4.12
for both positive and negative inductor current.
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D1
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D3
LO
iLO
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D2T2
T3
D4
C2
T4
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C1
D1
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D3
LO
iLO
T1
D2T2
T3
D4
C2
T4
(b)
Figure 4.12: Current path of the inductor current: (a) Positive inductor current;
(b) Negative inductor current.
The capacitance of the snubber capacitor is designed for the dead time
period during which the snubber capacitor conducts the inductor current. It
was designed in this way because it is the only situation with a constant and
known time duration. However, the only time at which the snubber capacitor
will be used extensively, is during the zero crossing of the tap voltage. The
switching scheme thus implements dead time during the zero voltage crossings
of the tap voltage in order to prevent the IGBTs from short-circuiting the
transformer taps. Figure 4.13 shows the worst case scenario, which is when
the snubber capacitor operates with a 30◦ phase shift between the tap voltage
and the inductor current. The worst case scenario also assumes that the IGBTs
operate as ideal switches that switch on and off immediately after the gating
signals have been applied or removed respectively.
Figure 4.13 shows that the capacitor voltage increases directly after the
gating signal for IGBT T1 and T4 has been removed at the moment, exactly
when the tap voltage crosses zero. The capacitor voltage rises because it offers
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t(ms)
( V,A )
iL (A)
vce(sat) (V)
Dead time
(a)
Tap voltage vt
Snubber capacitor
voltage
T1
T2
T3
T4
(b)
Figure 4.13: (a) Voltage and current waveform for the snubber capacitor; (b)
IGBT gating signals.
an alternative current path, as discussed earlier. The capacitor voltage rises
linearly, as the constant inductor current flows through the capacitor for the
entire duration of the dead time. The main design principle is to limit the
capacitor voltage to remain lower than the saturation voltage of IGBTs T2 and
T3, when the IGBTs switch-on.
The worst case scenario accounts for the voltage, current and time dura-
tion during which the snubber capacitor will operate, and for the switching
behaviour of the IGBTs. These three variables (voltage,current and time) are
listed below, together with a description of how each value is determined for
use in the design equation.
• Capacitor voltage: The maximum voltage that the capacitor may reach
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during the conduction period, after the dead time has elapsed, must be
limited for one specific reason. This maximum voltage must be lower
than twice the saturation voltage Vce(sat) of the IGBTs. If this condition
is not met, IGBTs T2 and T3 will short-circuit the snubber capacitor
when they turn-on. If the voltage over the capacitor is lower than twice
the saturation voltage of the IGBTs, however, the IGBTs will limit the
current flowing through the IGBTs due to the low collector-emitter volt-
age.
• Capacitor current: The capacitor must be designed for the worst case
scenario during which the current it conducts will be the largest. The
worst case is during the dead time period, after the zero crossing of the
input voltage vs with the largest possible phase between the input voltage
and the inductor current.
• Time duration: The conduction period of the snubber capacitor in this
situation is governed solely by the dead time. The time duration of the
dead time determine the conduction period of the snubber capacitor.
• IGBT behavior: It is nearly impossible to determine the exact amount
of current that will flow through the capacitor if the non-ideal switching
behavior [13] of the IGBTs must be accounted for. It is thus assumed
that the switching behavior of the IGBTs is ideal to the extend that they
switch-off completely directly after the gating signal has been removed.
Calculating the capacitance of the snubber capacitor is accomplished by
using (4.5.1) [14] while taking into account the considerations listed above as
reference for setting the values of the equation.
Cs =
idt
dv
(4.5.1)
4.6 Summary
This chapter derived all the equations that were required to design the vari-
ous components of the IGBT-based tap changer and to calculate the relevant
losses, and specifically the conduction and switching losses. A heat sink design
was presented that determines the maximum switching frequency that can be
achieved for a chosen heat sink and IGBTs. Lastly, the design equations for
the filter components of the IGBT-based tap changer were derived, in addition
to those dealing with the capacitance of the snubber capacitor.
Chapter 5
Design implementation
The main objective of this chapter is to implement the designs presented in
Chapter 4 for a specific transformer and specific system ratings. These rat-
ings determine the ratings of the IGBTs, thyristors, capacitors and inductors.
The list presented below provides an overview of the chapter layout, briefly
summarising each section.
• Implementing the IGBT-based tap changer onto an autotransformer: An
autotransformer is able to provide an additional voltage source, as re-
quired by the IGBT-based tap changer. The connection of the IGBT-
based tap changer to the autotransformer is discussed, as well as the
connection of the IGBT-based tap changer to either a single-phase or a
three-phase system.
• IGBT selection and performance analysis: This section presents a range
of IGBTs that could be implemented into the IGBT-based tap changer.
A specific IGBT is chosen and its performance in the IGBT-based tap
changer is verified.
• Thyristor selection: The selection of the correct thyristors is discussed,
together with the required parameters that influence the selection pro-
cess.
• Filter component design: The design of the passive components used to
perform the filtering in the IGBT-based tap changer is covered in this
section.
• Snubber capacitor design: The correct capacitance for the snubber ca-
pacitor is calculated in this section.
• Efficiency calculations: The chapter concludes by calculating the effi-
ciency of the IGBT-based tap changer.
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5.1 Integrating the IGBT-based tap changer
with an autotransformer
The autotransformer used to provide the series winding required by the IGBT-
based tap changer is a Cooper Power VR-32 voltage regulator [3]. This single-
phase mechanical tap changer, which makes use of an autotransformer to pro-
vide the taps for the tap changer. Table 5.1 summarises the ratings of the
VR-32 voltage regulator.
Description Value
Power 220 kVA
Load current 100 ARMS
Voltage (line-to-line) 22 kVRMS
Basic insulation level (BIL) 150 kV
Maximum series winding voltage 10 % of input
Table 5.1: Transformer ratings.
The main reason for using the Cooper Power VR-32 regulator is the auto-
transformer that is used inside it. By means of 8 tap positions, the tap changer
inside the VR-32 regulator is able to regulate the output voltage. On the down-
side, though, the mechanical nature of the tap changer raises its maintenance
costs. The IGBT-based tap changer designed in this report is conceived as
an add-on replacement to the mechanical tap changer used inside the VR-32
voltage regulator.
The autotransformer, which provides the additional voltage tap inside the
VR-32 voltage regulator, is rated at 220 kVA. Connecting the VR-32 voltage
regulator to a load that must be regulated with a 10 % voltage regulation range
results in an additional tap voltage of 2 200 V. Together with a maximum
load current of 100 A, it results in the autotransformer being rated at 220
kVA. In other words, this VR-32 voltage regulator is capable of regulating a
single-phase load of up to 2.2 MVA connected to a 22 kV system with 100
A load current. This shows that it requires an autotransformer rated at only
10 % of the load power to regulate the relevant load; these are significantly
more economical as well as being smaller in size. Building the IGBT-based
tap changer into a separate weatherproof container allows the container to be
mounted directly onto the VR-32 voltage regulator. This allows the IGBT-
based tap changer to be installed in the field without necessitating any serious
modifications to the VR-32 voltage regulator. Connecting the IGBT-based tap
changer between the VR-32 regulator and the load is the only modification that
is required to make to the high voltage connections of the VR-32. The only
other necessary connection involves the control signals sent from the controller
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Figure 5.1: Connection diagram [3] for the Cooper Power VR-32 voltage regulator
to a single-phase system.
of the IGBT-based tap changer to the controller of the VR-32 voltage regulator
to operate the reversing switch of the tap changer.
Figure 5.1 shows how to connect the VR-32 voltage regulator to a single-
phase source. The source connects in front of the bypass switch through a
disconnect switch to the source (S) bushing of the voltage regulator. Connect-
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IGBT-based
Tap Changer
Figure 5.2: Connection diagram for the Cooper Power VR-32 voltage regulator
connected to the IGBT-based tap changer for use in a single phase system.
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ing the load (L) bushing to the load side of the bypass switch by means of
a disconnect switch allows the VR-32 voltage regulator to regulate the load
voltage while the source voltage varies. The SL bushing of the VR-32 voltage
regulator connects to the neutral of the single-phase system. Making use of
the bypass switch together with the two disconnect switches make it possible
to do maintenance on the VR-32 voltage regulator without interrupting the
power supply to the load for long durations of time.
As already stated, it is straightforward to connect the IGBT-based tap
changer to the VR-32 voltage regulator. This is illustrated in Figure 5.2. Most
of the original connections used for the VR-32 voltage regulator itself can be
retained. Connecting the source (S) and load (L) bushings of the voltage reg-
ulator to the (In1) and (In2) bushings of the IGBT-based tap changer supplies
the IGBT-based tap changer with the required input voltages. The neutral
of the system connects to the (SL) bushing of the VR-32 voltage regulator
and to the neutral bushing of the IGBT-based tap changer. Connecting the
output (Out) bushing of the IGBT-based tap changer through the disconnect
switch to the load allows the IGBT-based tap changer to supply power to the
load. Bypassing the IGBT-based tap changer connected to the VR-32 voltage
regulator can still be done by opening the disconnect switches and closing the
A
a
b
c
C
B
N
Figure 5.3: Implementation of three single-phase IGBT-based tap changers in a
star configuration.
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bypass switch.
The system for which the IGBT-based changer is designed is an 11 kVLL
rated system. Initially designed for a single-phase system, the design system
voltage can be 6 351 V. But adding two further IGBT-based tap changers in
a star configuration, as shown in Figure 5.3, allows the single-phase version to
be implemented directly without needing to redesign the system. Communi-
cation between the different tap changers for each is additionally required for
protection.
5.1.1 Series winding leakage inductance calculation
In order to design the compensator used in the feedback controller, the leakage
inductance of the series winding of the autotransformer must be determined.
Using the leakage inductance in the design of the compensator allows the
compensator to compensate for it.
Determining the leakage inductance of the autotransformer requires the
equivalent circuit model of the autotransformer to be modelled. The equivalent
circuit model for a normal two-winding distribution transformer is shown in
Figure 5.4.a [15].
RCL refers to the iron losses in the core as a resistance and jXm refers to the
magnetizing reactance. R1 and jX1 provide the primary winding resistance and
leakage reactance, whereas R2 and jX2 are the secondary winding resistance
and reactance.
The difference between the connections of a two-winding transformer and
an autotransformer lies in connecting the secondary winding to the primary
winding. Connecting the bottom terminal of the secondary winding to the
input terminal on the primary creates a boosting autotransformer (see Figure
5.4.(b))[15]. There as some disadvantages with this connection with regard to
the two-winding transformer, with the most important one being the loss of the
magnetic or galvanic isolation between the primary and the secondary wind-
ings. The advantage of connecting a two-winding transformer in this manner
is that the transformer only transforms the power needed for the secondary
winding (which is known as the series winding in an autotransformer). The
lower amount of power that needs to be transformed effectively allows the
autotransformer to be smaller and therefore less expensive to manufacture.
These advantages and disadvantages of the autotransformer mean that it is
ideal for use on transmission networks.
Determining the leakage inductance of the autotransformer is done in the
same manner as is used for a two-winding distribution transformer with the
open circuit and short circuit tests [16]. The same procedures are used to
determine the parameters for the autotransformer but the circuit model in
Figure 5.4.(b) is first redrawn into the equivalent circuit model (See Figure
5.5)[15] for a boosting autotransformer.
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RCL refers to the iron losses in the core as a resistance, whereas jXm is the
magnetizing reactance. Es and Ec represent the voltages of the windings, with
Es the series winding voltage and Ec the common winding voltage. Rc and
Rs are the winding resistance for the common and series winding respectively,
while jXc and jXs are the winding leakage reactances for the common and
series windings respectively.
Performing the open circuit test on the autotransformer with no load con-
nected to the output, as shown in Figure 5.6 of the autotransformer, results
in most of the current flowing through the shunt impedance that consists of
RCL and jXm.
Applying the full rated voltage to the input terminal of the transformer
while measuring the input current and active power provides sufficient in-
formation to determine RCL and jXm. If one assumes that very little or no
current flows through the common winding with all the current measured going
through RCL and jXm, then the calculations are simplified.
Using (5.1.1) allows the apparent power absorbed by the core to be deter-
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Figure 5.4: Circuit models for power transformers: (a) Two-winding distribution
transformer; (b) Connection of a two-winding transformer to operate as a boosting
autotransformer.
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Figure 5.5: Equivalent circuit diagram for a boosting autotransformer.
mined.
Sm = VoIo (5.1.1)
This allows the reactive power absorbed to be determined by means of
(5.1.2):
Qm =
√
S2m − P 2o (5.1.2)
The active power is measured with a power meter and the reactive power
is determined by means of (5.1.2). The iron losses in the core are calculated
with (5.1.3) and the magnetizing reactance with (5.1.4).
Rm =
V 2o
Po
(5.1.3)
Xm =
V 2o
Qm
(5.1.4)
The short circuit test can be used to determine the parameters for the
common and series windings. This test starts by connecting the input of the
autotransformer to a variable voltage source with the source set to 0 V. Then
the output of the series winding is connected through an ampere meter to
the neutral, which results in short-circuiting the series winding of the auto-
transformer. Starting the test by increasing the input voltage from zero will
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Figure 5.6: Circuit diagram showing the connections of the common winding and
the series winding together with the voltage meter Vo, current meter Io and active
power meter Po used for the open circuit test.
result in large amounts of current to flow through the series and common wind-
ings. Limiting the amount of current flowing through the series winding below
the maximum rated current of the winding prevents the windings from being
damaged.
Measuring the input voltage, current and active power as shown in Figure
5.7, as well as the short-circuit current, allows the winding parameters for the
common and series windings to be determined.
Using the input voltage and current measurements Vsc and Isc to calculate
the apparent power with (5.1.5) delivers the reactive power into the autotrans-
former with (5.1.6).
Ssc = VscIsc (5.1.5)
Qsc =
√
S2sc − P 2sc (5.1.6)
Calculating the winding resistance and leakage reactance with (5.1.7) and
(5.1.8) respectively delivers the winding resistance and leakage reactance for
both the common and series winding added together.
Rsc =
V 2o
Psc
(5.1.7)
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Figure 5.7: Circuit diagram of autotransformer for the short circuit test with Psc
the active power measurement input into the autotransformer, Isc the current and
Vsc the voltage measurements into the transformer, Iout the current measurement of
the series winding current.
Xsc =
V 2o
Qsc
(5.1.8)
However, using the difference between the series current measured with Iout
and the input current provides a ratio that can be used to separate the series
winding parameters from the common winding parameters with (5.1.9).
aI =
Iout
Isc
(5.1.9)
The common and series winding resistances can be determined by means of
(5.1.10) and (5.1.11), whereas (5.1.12) and (5.1.13) provide the common and
series winding reactances.
Rc = RscaI (5.1.10)
Rs = Rsc(1− aI) (5.1.11)
Xc = XscaI (5.1.12)
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Xs = Xsc(1− aI) (5.1.13)
With the series winding reactance now known, (5.1.14) [14] can be used to
determine the leakage inductance of the series winding.
Ls =
Xs
2pif
(5.1.14)
The value for the leakage inductance of the series winding calculated with
(5.1.14) is not 100 % accurate because of various unknown factors, which may
influence these measurements. This value is however sufficiently accurate to
be used for the compensator design in Chapter 7.
Determining the leakage inductance for the Cooper power VR-32 voltage
regulator through the method mentioned above is not currently possible be-
cause the autotransformer is not connected. The leakage inductance is thus
calculated by using autotransformer rated values for 100% load. The average
impedance for the Cooper power autotransformer is 2 % [17] for the specific
rated load applied to the autotransformer, as calculated by means of (5.1.15).
Zaverage = 0.02
Voperate
Ioperate
= 0.02
6 351 V
100 A
= 1.270 Ω (5.1.15)
Assuming [17] that the real part of the Z equals the imaginary part results
in (5.1.16):
Zaverage = X +Xj
|Zaverage| =
√
X2 +X2
=
√
2X
X =
Zaverage√
2
= 0.898Ω (5.1.16)
With the total reactance of the autotransformer at 0.635 1 Ω, the transfor-
mation factor can be used to determine the series winding reactance from the
total reactance. The transformation factor is the factor at which the voltage is
transformed from the common winding to the series winding; it is calculated
with (5.1.17) [15].
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aT =
vin
vt
=
6 351
635.1
= 10 (5.1.17)
The series winding leakage reactance is thus calculated by dividing the
total leakage reactance of the autotransformer by the transformation factor,
which results in a leakage reactance of 0.089 8 Ω for the series winding. Using
(5.1.14) delivers the series winding leakage inductance of 285.85 µH. This value
is the final value that was used to design the compensator for this thesis but
the value is only an estimated value and not an actual measured value and
thus cannot be used for practical designs.
5.2 IGBT selection and performance analysis
Selecting the IGBTs to be used for the IGBT-based tap changer depends on
two major factors. One is the required blocking voltage and the other is the
amount of current to be conducted by the IGBTs.
With the series winding of the autotransformer providing the additional
voltage source as required by the IGBT-based tap changer, the required block-
ing voltage of the IGBTs is lowered. A line-to-neutral input voltage vin of 6
351 VRMS together with a 10 % higher series winding voltage of 6 986.1 VRMS
results in a tap voltage vt of 635.1 VRMS. However, the required peak voltage
that the IGBTs have to block is 899 Vpeak. As a result, IGBTs with a voltage
rating greater than 900 V had to be chosen.
The IGBT models with blocking voltages higher than the required 900 V
are grouped in Table 5.2 below according to their respective blocking voltages.
The list contains all the blocking voltages for the different IGBTs, as well as
indicating the respective manufacturers. A few parameters are listed too, thus
providing a brief overview into the capabilities of the available high power
IGBTs.
IGBT Manufacturer Model number Test voltage
6 500 V INFINEON FZ400R65KF2 [8] 3 600 V
4 500 V MITSUBISHI CM400HB-90H [18] 2 250 V
3 300 V EUPEC FZ400R33KL2C_B5 [19] 1 800 V
1 700 V SEMIKRON SKM600GA176D [20] 1 200 V
Table 5.2: High power IGBT models and manufacturers.
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All the IGBTs listed above are packaged in a module together with an anti-
parallel diode. The blocking voltage of each IGBT indicates only the maximum
voltage that the IGBT can block without operating. This voltage rating is
used primarily to categorize the IGBTs and not to provide any data that
may be useful when choosing an IGBT. Each IGBT is tested to ascertain its
performance characteristics, and these tests provide the data that is ultimately
used to choose the suitable IGBTs.
The decision of which IGBT to use depends on the test voltage and current
of each IGBT. Since the maximum tap voltage vt that the IGBT must block
is 899 V, any of the IGBTs may be suitable for use in the IGBT-based tap
changer, but a safety margin must be allowed for. A suitable safety margin
would allow some voltage ripple to be present over the IGBTs while switching
caused by the filter capacitors conducting the inductor current. A specific value
for the safety margin cannot be given, however, and the safety margin provided
by the chosen IGBT must be verified ny means of testing and simulation.
Implementing any of the IGBTs from the 3 300 V IGBT and higher will work,
but is expensive. The 1 700 V IGBT provides a safety margin of 300 V or 33
% while being the least costly of all the IGBTs; as a result, the 1 700 V IGBT
was the first choice for implementation.
Table 5.3 shows all the additional parameters of the IGBTs while Table 5.4
describes the symbols used.
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Symbol 6 500 V 4 500 V 3 300 V 1 700 V
IGBT specifications
Ic 400 A 400 A 400 A 470 A
TC = 80
◦C TC = 85◦C TC = 80◦C TC = 80◦C
Vce(sat) 5.3 V 3.3 V 3.7 V 2.45 V
Tj = 125
◦C Tj = 125◦C Tj = 125◦C Tj = 125◦C
Eon 4 000 mJ 2 000 mJ 1 200 mJ 255 mJ
Tj = 125
◦C Tj = 125◦C Tj = 125◦C Tj = 125◦C
Eoff 2 300 mJ 1 250 mJ 600 mJ 155 mJ
Tj = 125
◦C Tj = 125◦C Tj = 125◦C Tj = 125◦C
RthT (j−c) 0.017 K/W 0.021 K/W 0.0255 K/W 0.044 K/W
Diode specifications
VF 3.9 V 4.0 V 2.25 V 1.6 V
Tj = 125
◦C Tj = 125◦C Tj = 125◦C Tj = 125◦C
IF 400 A 400 A 400 A 410 A
TC = 80
◦C TC = 85◦C TC = 80◦C TC = 80◦C
RthD(j−c) 0.032 K/W 0.042 K/W 0.051 K/W 0.09 K/W
thermal resistance
Module specifications
RthM (c−s) 0.0125 K/W 0.015 K/W 0.061 K/W 0.038 K/W
Table 5.3: List of all the additional parameters for each of the IGBTs
Symbol Description
Ic IGBT maximum on-state collector current
Vce(sat) Collector-emitter saturation voltage
Eon Switch on energy
Eoff Switch off energy
RthT (j−c) IGBT junction-to-case thermal resistance
VF Diode on-state forward voltage
IF Maximum diode forward current
RthD(j−c) Diode junction-to-case thermal resistance
RthM (c−s) Module case-to-sink thermal resistance
Table 5.4: Descriptions of the symbols used in Table 5.3.
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It is clear from these parameters that the 1 700 V IGBT presents the best
solution for use in the IGBT-based tap changer. The main factors contributing
to this decision were the turn-on and turn-off energy losses, which are consid-
erably lower for the 1 700 V IGBT than for the others. The switching losses
generated by the IGBTs by these turn-on and turn-off energy losses result
in heat, which has to be conducted away from the junction of the IGBT. In
addition, it influences the switching frequency of the IGBT-based tap changer.
The only other factor that must be considered is the thermal resistance of
the IGBTs. As the 1 700 V IGBT has a thermal resistance that is higher than
those of the other IGBTs, it cannot conduct the same amount of heat away
from the junction than the other IGBTs can, which results in a lower operating
junction temperature. But the low switching losses generated by the 1 700 V
IGBT, mean that this IGBT is nonetheless superior to the other IGBTs, even
though its thermal resistance is the highest.
Tests to confirm the performance of the IGBT-based tap changer while
operating with the selected 1 700 V IGBT have verified that this IGBT is
adequate for the design. Using the equations derived in Chapter 4 to calcu-
late the switching and conduction losses, makes it possible to determine the
theoretical amount of heat generated by the IGBT, which influences the max-
imum switching frequency. The performance analysis conducted in the next
section looks at more specifically at the switching and conduction losses for
the specified parameters.
5.2.1 1 700 V IGBT performance
The operating parameters of the IGBT-based tap changer are listed in Table
5.5 below. These values are used by the design equations to determine the
switching and conduction losses generated by the IGBTs.
Description Symbol Value
Peak tap voltage Vt 899 V
Peak collector current IO 141 A
Phase shift φ ±1.047 rad/s (±60◦)
Normalized switching energy E 854.167 nJ
Switching frequency fs 10 kHz
Table 5.5: IGBT operation ratings.
The normalized switching energy for the 1 700 V IGBT is calculated by
means of (4.2.2)1 in Chapter 4.
The maximum peak voltage that the IGBTs are required to switch is 899
V, together with a maximum required peak current of 141 A. The maximum
1See page 42
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switching losses generated in IGBTs T1 and T2 only occur with a zero phase
shift between the peak collector current and the peak tap voltage. Changing
the phase shift away from zero results in the switching losses decreasing in T1
and T2, while increasing in T3 and T4. This can be seen in Figure 5.8, which
is based on (4.2.10) to (4.2.13)2 in Chapter 4.
The top graph shows the switching losses generated by IGBTs T1 and T2
individually, while the bottom graph shows the switching losses for T3 and T4
individually. IGBTs T1 and T2 never generate switching losses at the same
time due to the switching scheme; the same holds true for T3 and T4.
However, the IGBT generating the switching losses is also generating con-
duction losses while it is conducting the inductor current iL together with
another IGBT or diode. The conduction losses generated in any component
are affected by the duty cycle of the PWM; in other word, in the conduction
losses are effectively controlled by the duty cycle. Figure 5.9 shows the con-
duction losses generated in all the IGBTs and diodes as the duty cycle sweeps
from 0% to 100%.
Figure 5.9 was drawn by using (4.1.3) to (4.1.6)3 in Chapter 4.
2See page 43
3See page 38
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Figure 5.8: Switching losses generated by T1,T2,T3 and T4 as the phase shift
changes from −60◦ to 60◦.
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The only other factor that influences the amount of losses generated (except
for the load current) is the switching frequency. In other words, changing the
switching frequency changes the amount of switching losses generated by the
IGBTs. Higher switching frequencies generate more losses, as indicated in
Figure 5.10.
The maximum amount of losses generated at any moment must be calcu-
lated by taking into account the switching scheme and the operating parame-
ters of the IGBT-based tap changer. In a worst case scenario, the IGBT-based
tap changer operates at rated capacity of 100 ARMS with the duty cycle set at
100% and the switching frequency at 10 kHz. Adding the switching losses and
conduction losses for IGBT T2 as well as the conduction losses ofD1 determines
the maximum amount of losses to be 452.45 W.
Using a Semikron PX16 [21] heat sink with a thermal resistance ofRthsink(s−a)
= 0.025 K/W results in a maximum switching frequency of 14 300 Hz from
(4.3.8)4. This results from a maximum sink temperature of Ts = 64◦C and
an ambient temperature Ta = 50◦C. With the maximum switching frequency
being 4 300 Hz higher than the chosen switching frequency of 10 kHz, it cre-
ates a large safety margin, thus allowing the IGBT-based tap changer either
to conduct more current or to operate at higher ambient temperatures. This
4See page 51
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Figure 5.9: Conduction losses generated by IGBTs T1,T2,T3 and T4 and diodes
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Figure 5.10: Switching losses generated by IGBTs T1 and T2 individually together
with T3 and T4 individually, with the switching frequency rising from 0 Hz to 12 kHz
with a phase shift of 60◦.
can only be accomplished because of the lower switching losses generated by
the IGBTs with the lower switching frequency.
As it is possible to operate the IGBT-based tap changer with a switching
frequency below the maximum switching frequency by using the 1 700 V IG-
BTs, it confirms that this particular IGBT is the ideal choice for the design
presented herein.
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5.3 Thyristor selection
The selection of the thyristors used for the bypass switch is based on the
amount of the current to be conducted by the thyristors. Normal current
conduction scenarios include the conduction of the load current during periods
when the load current exceeds the set current limit of the IGBT-based tap
changer. The bypass switch also activates in another scenario, namely when
the voltage over the bypass switch reaches dangerously high levels, thus forcing
the break-over diodes to turn on the thyristors. However, it is not ideal to select
a thyristor according to these conditions, since it does not make provision for
extremely rare scenarios.
One such scenario may occur when the phase wire happens to touch the
neutral wire due to some sort of obstruction at the load side of the IGBT-
based tap changer. For instance, a broken tree branch that has fallen onto
an overhead line, which connects the IGBT-based tap changer to the load,
will short out the phase wire and the neutral, thus resulting in a phase-to-
neutral fault. This fault generates a large fault current, which - if it is not
rerouted away from the IGBTs - can damage these. Rerouting the fault current
away from the IGBT occurs by means of thyristors S1 and S2, in the bypass
switch(see Figure 2.3). The thyristors used in the bypass switch must also be
able to conduct the large fault current for the entire duration of the fault .
The fault current only stops flowing after the protection relays at the supply
end of the power line have shut down the power line.
When the fault occurs, the fault current flowing through the IGBT-based
tap changer changes the output current waveform to an unknown waveform.
Because of this change, the selection of the thyristor cannot be based on using
normal average current and voltage ratings. Instead, selection of an appropri-
ate thyristor must be based on different parameters. Using the Joule integral
[22] or i2t rating specifies the amount of energy that can be conducted by the
thyristor without it being damaged. The i2t rating refers to the amount of
energy dissipated in the thyristor in the form of heat for the entire conduction
period. Selecting a thyristor with an i2t rating that is higher than the required
rating prevents the thyristor from possible damage that may occur due to fault
currents.
It is specified [4] that the maximum fault current of 2 000 A must be
conducted by the thyristor for a maximum time period of 0.8 seconds. The-
oretically, the required i2t value of the thyristor must therefore be 3 200 000
A2s, or higher, which is a fairly high rating for any thyristor. The thyristor
chosen for this project has a i2t rating that is higher than the required rating:
it is a SKET 740/22G 4H thyristor manufactured by Semikron (see ratings
summarised in Table 5.6[23] below).
Two more elements have to be taken into consideration when using thyris-
tors in the bypass. The critical rate of rise of the off-state or dv
dt
voltage
determines the maximum rate at which the voltage over the thyristor may
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Description Symbol Value
Maximum repetitive blocking voltage VDRM 2 200 V
Maximum continuous current ITAV 700 A
Surge Forward current ITSM 31 000 A
Maximum let-through energy i2t 6 480 000 A2s
(Tj=25◦C)
Critical rise rate of off-state voltage (dv
dt
)cr 2 000 V/µs
Table 5.6: SKET 740/22G H4 thyristor operating ratings.
rise. If the voltage over the thyristor rises faster than the specified rate, it
may result in the thyristor switching on without applying a gate signal. The
rate at which the voltage rises over the thyristor will never reach the 2 000
V/µs rate under normal operating condition, due to the maximum tap voltage
of 900 V peak. During fault situations between the load and the IGBT-based
tap changer, however, provision must be made for the high voltage present
over the thyristor due to the low load voltage. Using a MOV or a surge sup-
pressor in parallel may provide enough protection but connecting more than
one thyristor in series may also be a viable solution.
Another element that must be considered is the reverse recovery time of
the thyristor. The reverse recovery time states the time it takes for remaining
charge in the thyristor to dissipate, the thyristor only turns off completely after
this occured. This value is not given in Table 5.6 because it was not reflected
on the supplied data sheet. Switching on the IGBTs before the recovery time
has passed for the thyristor may short the input voltage to the tap, causing
dangerous currents to flow, which may damage the IGBTs. In order to prevent
this from happing, a delay must be implemented to allow the reverse recovery
time of the thyristor to pass, before the IGBTs are switched on again.
5.4 Filter component design
In this section, the required capacitance and inductance of the three com-
ponents C1, C2 and LO, which perform the filtering inside the IGBT-based
tap changer, are calculated. Given the switching frequency, which has been
verified at 10 kHz, it is possible to determine the inductance of the output
filter inductor LO. Using (4.4.4)5 in Chapter 4 determines the inductance for
inductor LO.
In order to calculate the inductance of the inductor the worst case scenario
under which the inductor operates must be defined. The maximum voltage
difference over the inductor reaches VT = 899 V, which is the peak value of
tap voltage vt.
5See page 55
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The ripple component of the inductor current is determined by the in-
ductance of the inductor. Low inductance values allow the ripple component
to become large, whereas high inductance values make the ripple component
smaller. Higher inductance values, however, influence the physical size of the
inductor. An even middle ground must be reached between the magnitude of
the ripple component ∆iL of the inductor current and the inductance of the
inductor.
The ripple component flows through the IGBTs as the switching continues,
thus requiring the IGBTs to switch currents higher than the peak value of the
load current iO. But the select 1 700 V IGBTs have a maximum current con-
duction value of 400 A, which offers a large margin for the ripple component.
Choosing the magnitude of the ripple component of the inductor to be no
larger than 30% of the peak value of the load current iO results in a maximum
inductor current of 183.3 A. In this case, the current is over 200 A smaller than
the maximum current of the IGBTs, proving that a 30 % ripple component is
sufficient and that it makes the inductance of the inductor smaller. The com-
plete magnitude of the ripple component ∆iL of the inductor current results
in 84.6 A.
Adjusting the duty cycle also adjusts the magnitude of the ripple compo-
nent, with a duty cycle of 50% delivering the largest ripple current. Using
all the variables required for (4.4.4), as summarised below in Table 5.7, the
inductance of the output inductor LO will be 265.66 µH.
Description Symbol Value
Inductor voltage VT 899 V
Ripple component ∆iL 84.6 A
Duty cycle D 50 %
Switching frequency fs 10 kHz
Table 5.7: Inductor design variables.
Calculating the capacitance of capacitors C1 and C2 makes use of (4.4.2)6
in Chapter 4.
C1 = C2 =
18
ω2L1
(5.4.1)
Only two variables are required to solve (5.4.1), namely, the leakage in-
ductance L1 = 202.159µH for the series winding of the autotransformer, and
the required cut-off frequency ω of the combined filter. Selecting the cut-off
frequency at 5 000 Hz or 31 416 rad/s allows the fundamental frequency to
pass through the filter while the harmonics are filtered out. The resulting ca-
pacitance is 90.2 µF, which cannot be realised using only one single capacitor.
6See page 55
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However, connecting four EPCOS B25832-C6226-K9 [24] capacitors rated at
22 µF and 960 VRMS in parallel for C1 and C2 individually, is able to meet
these requirements.
5.5 Snubber capacitor design
The snubber capacitor is designed by means of (4.5.1)7 in Chapter 4. Using the
design guidelines as provided for the capacitor design as stipulated Chapter 4,
the following values are used for the different variables listed in Table 5.8.
Description Symbol Value
Inductor current iLO 92 A
Dead time dt 5.05 µs
IGBT saturation voltage Vce(sat) 2.45 V
Table 5.8: Inductor design variables.
As a worst case scenario, a 30◦ phase shift is applied between the tap
voltage and the inductor current while the load current is at its rated value.
This results in a capacitor current of 70.71 A, but provision must be made for
the ripple component of the inductor current, which is set at 30 % resulting in
a maximum worst case capacitor current of 92 A.
The dead time is calculated by taking into account the switch-off delay
time of the IGBTs, which is the time it takes for the IGBT to respond to the
change in state of the gating signal. The dead time also takes into account the
actual current fall time of the IGBT, while the final value that is taken into
account is a safety margin. The values for these are listed in Table 5.9 below.
Description Symbol Value
IGBT switch-off delay time td(off) 890 ns
IGBT current fall time tf 160 ns
Safety margin SM 4 µs
Table 5.9: Dead time calculation values.
A 4 µs safety margin provides 4 times the time required for the IGBT to
switch off, according to the values provided in the data sheet. The final dead
time is thus calculated as 5.05 µs.
The saturation voltage of the IGBTs is 2.45 V and it is necessary for the
maximum voltage that the capacitor may reach after the dead time period
7See page 58
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has elapsed, to be lower than twice this voltage. This results in the final
capacitor voltage to be chosen as 4 V, which is 0.9 V lower than twice the
saturation voltage of the IGBTs, thereby providing a large safety margin. The
safety margin can be verified by looking at the amount of current that can
be conducted by the IGBT for a specific collector-emitter voltage in the data
sheet. A collector-emitter voltage of 2 V per IGBT allows only 225 A of current
to flow through the IGBT, which is more than half of the maximum current
of the IGBT at 470 A.
Using (4.5.1) together with the design values discussed above results in a
capacitance of 116.15 µF. This value is too large to be realized by means of a
single capacitor, especially at the full 900 V tap voltage, at which the capacitor
must operate. Consequently, it will require many capacitors to be connected
in parallel to make up the required capacitance.
5.6 Efficiency calculations
The efficiency of the IGBT-based tap changer shows the amount of energy
that is dissipated by the components used inside the IGBT-based tap changer.
Higher efficiency ratings can only be accomplished by allowing less energy to
dissipate inside the system.
In order to calculate the efficiency, all the losses generated in all the com-
ponents inside the IGBT-based tap changer must be added together. But it is
very difficult to accurately calculate the energy dissipated by the capacitors,
the inductors, the autotransformer and the wiring. As a result, the efficiency
was calculated only with regard to the losses generated by the IGBTs.
Calculating the losses of the autotransformer by means of (5.6.1) shows that
the expected efficiency, of more than 99%, in respect of a modern distribution
transformer, is indeed met.
η = 100 %
Load Power
IGBT losses + Load Power
η = 100 %
635.1 kV A
452.45 W + 635.1 kV A
η = 99.9288 % (5.6.1)
The maximum power, which can be delivered to a single-phase load by the
system is 635.1 KVA because of the 6 351 V output voltage with a maximum
current of 100 A. The IGBT losses have been calculated in Section 5.2.18.
The efficiency of the AC-chopper used inside the IGBT-based tap changer
is shown below in (5.6.2).
8See page 71
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η = 100 %
Power converted
IGBT losses + Power converted
η = 100 %
vtiO
IGBT losses+ vtiO
η = 100 %
635.1x100
452.45 W + 635.1x100
η = 99.29 % (5.6.2)
The efficiency of the IGBT-based tap changer connected to a single-phase
11 kV system is 99.9288%, while it is regulating a load of 635.1 kVA. This
high percentage of efficiency can be attributed to the low losses generated by
the IGBTs. The converted efficiency of 99.29% shows the efficiency of the
AC-chopper that has been implemented to form the IGBT-based tap changer,
which converts only 63.51 kVA of the power provided by the autotransformer.
The converted efficiency is so small because of the 10 % tap voltage from
the 6 351 V line-to-neutral voltage, which has resulted in a 635.1 V voltage
rise together with 100 A of current flowing through the series winding of the
transformer. This delivers a converted power of only 63.51 kVA, which is
exactly 10 % of the load power.
5.7 Summary
This chapter has looked at the calculations that were used to determine the val-
ues of the different components implemented in the IGBT-based tap changer.
The layout of the entire system was explored, especially with regard to the
converter and the autotransformer, and it was examined how these would be
implemented in a 3-phase system. The most appropriate IGBTs in the cir-
cumstances were selected and the losses were calculated, together with the
maximum switching frequency that could be attained by the IGBTs for the
chosen heat sink. The selection of the thyristors used in the bypass switched
was covered. The values for the passive components, which include the filter
components and the snubber capacitor, were calculated. The chapter finished
by presenting the efficiency calculations for the entire system.
Chapter 6
Detailed hardware design
The main components covered in Chapter 2 are required by the IGBT-based
tap changer to function. These high voltage and high current components in
turn require additional circuit boards to function. The circuit boards discussed
in this chapter connect all the small signal and low current signals between the
high voltage components and the main controller board. Most of the signals
connected between the controller board and the rest of the circuit boards do
so through optical fibre cables, which provide isolation between the controller
board and the other circuit boards. Figure 6.1 shows all the additional circuit
boards connected to the high voltage components and the main controller
board.
The list below gives a brief description of each of the additional circuit
boards required for the correct operation of the IGBT-based tap changer.
• Controller board: The controller features many components, all of which
are controlled by a single field-programmable gate array (FPGA). The
FPGA generates all the control signals and receives all the measuring
and detection signals.
• Sign detector board: The sign detector connects over all four of the
IGBTs and detects the polarity of the tap voltage vt. The sign detector
acts as a hardware based solution that provides an accurate and vital
signal required by the controller.
• IGBT driver boards: The gate drivers provide the required voltage and
current for the IGBT to operate.
• Bypass switch driver board: The driver board used to operate the thyris-
tors in the bypass switch supplies0 the required passive components to
perform the over-voltage protection. The bypass switch driver also fea-
tures the active components needed by the controller to operate the
thyristors during over-current situations.
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Figure 6.1: Layout of all the hardware used to control the key components in the
tap changer.
• Measurement board: The measurement board features all the resistors
and op-amps to deliver level shifted voltage and current measurements.
The PC boards discussed in this chapter was already designed prior to the
start of this thesis for the scale-model IGBT-based tap changer used for the
practical measurements in Chapter 9. Parts of this design were altered for
use in the IGBT-based tap changer, however to make provision for the higher
voltages and to improve performance.
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6.1 Controller board
The controller board features a wide variety of components used to communi-
cate with other circuit boards in the tap changer and with the outside world.
Figure 6.2 [4] illustrates the layout of the controller board.
The list below contains a brief description of each of the components used
on the controller board.
• FPGA: The FPGA forms the main component on the controller board.
All the signals received by the controller board go directly to the FPGA.
This uses these measurement, fault and sign signals to generate the PWM
for the IGBTs.
• EPCS16: The EPCS16 stores the program code used by the FPGA when
the controller board is powered down. The FPGA loads the program
code directly from the EPCS16 after the controller board has powered
up.
• FLASH: The Flash memory device serves as a non-volatile storage plat-
form used to for logging purposes.
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Figure 6.2: Component layout for the controller board.
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• RAM: Random access memory (RAM) provides a fast access storage
platform used by the FPGA to store data while operating.
• RTC: The real-time clock (RTC) provides accurate time and calendar
dates to the FPGA. The FPGA makes use of the time and dates provided
by the RTC for data logging.
• ADC: The analogue-to-digital converter (ADC) converts the analogue
measurement signals into digital values, which the FPGA utilizes for
calculations.
• Bluetooth adapter : The Bluetooth adapter allows the FPGA to commu-
nicate with the outside world through a wireless connection. Connecting
with a computer gives the operator access to logged information and the
operating parameters of the tap changer.
• Fibre optic transmitters: The fibre optic transmitters transmit control
signals generated by the FPGA over optical fibre cables, this is accom-
plished by generating the signals for the optical fibres from the electrical
signals sent by FPGA.
• Fibre optic receivers: The fibre optic receivers receive the fault signals
from the IGBT driver boards as well as the sign signal from the sign
detector via the optical fibres. The fibre optic receivers convert the
signal sent over the fibre optics into electrical signals, which can be used
by the FPGA.
The short summaries above only describe the purpose of each component
on the controller board. The list below in Table 6.1 provides the name of the
manufacturers plus the model number for the specific component used.
Component Manufacturer Part number
FPGA Altera EP3C25Q240
EPCS16 Altera EPCS16N
FLASH Advanced Micro Devices A29L160D
RAM Cypress Semiconducter CY62157EV30LL-45ZSXI
RTC Dallas Maxim DS1302
ADC Analog Devices AD7924
Bluetooth KC Wirefree KC 11
Fibre optic TX Avago Technologies T-1521
Fibre optic RX Avago Technologies R-2521
Table 6.1: Controller board components.
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6.2 Sign detector board
The sign detector [4] is one the most important components used in the IGBT-
based tap changer. It send a signal to the controller board, informing it of the
polarity of the tap voltage vt over the IGBTs. The controller depends heavily
on the signal received from the sign detector. The switching scheme depends on
the signal received from the sign detector to such an extent that the IGBTs can
be destroyed, if the signal from the sign detector fails or becomes inaccurate.
Figure 6.3 shows the basic component layout for the sign detector.
The list below briefly describes each of the components used to construct
the sign detector, as shown in Figure 6.3.
• IC1: The voltage comparator checks only if the voltage at the positive
input terminal is larger or smaller than the voltage at the negative input
terminal.
• Optical transmitter: The transmitter transmits the electrical signals ap-
plied to its terminals through the optical fibre cable to the controller
board.
• Resistors R4 and R5: Both of these resistors consist out of 10 resistors
connected in series. Conecting 10 resistors in series lowers the voltage
over each resistor, allowing the use of standard sized resistors and not
expensive high voltage resistors. The value of each individual series con-
nection is calculated to limit the current that flows from the positive
terminal of the tap voltage vt to the negative terminal.
−
+
R4
◦+
IC1
R5
◦−
C1D2D1 R6vt
R1
◦+5V R2
◦ -5VR3 Optical Transmitter
Figure 6.3: Component layout for the sign detector circuit [4].
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• Diodes D1 and D2: These diodes limit the voltage applied to the termi-
nals of the voltage comparator. The diodes start conducting the current
flowing through resistors R4 and R5 as soon as the voltage over resistor
R6 reaches the forward voltage of the diodes.
• Resistor R6: This resistor provides an alternative path for the current
flowing through resistors R4 and R5. Resistor R6 only conducts the
current after diode D1 or D2 have switched off due to very low tap
voltages.
• Resistor R2: Resistor R2 limits the current flowing through the optical
transmitter or the voltage comparator while either conducts current.
• Resistors R1 and R3 with Capacitor C1: These components dampen the
oscillations in the voltage comparator [25] during the zero crossing of the
tap voltage vt using hysteresis.
The sign detector operates the optical fibre transmitter through the tran-
sistor inside the voltage comparator. The output of the voltage comparator
activates during the period when the positive input terminal voltage exceeds
the voltage at the negative input terminal. The positive terminal voltage ex-
ceeds the negative terminal voltage only during the positive half-cycle of the
tap voltage.
The voltage comparator connects the output terminal to ground during the
positive cycle of the tap voltage. The grounded output terminal of the com-
parator connects resistor R2 as well as the optical transmitter to ground. The
optical transmitter stops conducting current because both of the transmitter
terminals connected to ground are forcing the transmitter to switch off. The
switched off optical transmitter allows the current flowing through resistor R2
to flow through the voltage comparator.
Figure 6.4.(a) shows the tap voltage while Figure 6.4.(b) shows the output
of the sign detector.
The design of the passive components used in the sign detector is described
in the following sections.
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Figure 6.4: Output of sign detector; (a) Input voltage into sign detector measured
at vt; (b) Output provided to the controller by the sign detector.
6.2.1 Design of resistors R4 and R5
Resistors R4 and R5 consist of 10 resistors each, with all 10 connected in
series. This series connection divides the tap voltage over all the resistors, thus
reducing the voltage drop over each individual resistor. The power dissipation
for each resistor remains small because of the small voltage drop over each
resistor and the small current flowing.
The first step of the design was to calculate the voltage drop over each
resistor. The 20 resistors connected between the terminals of the tap voltage
vt result in a voltage drop of:
vR =
√
2vtRMS − vFD1
20
(6.2.1)
With vt = 635.1 VRMS and vFD1 = 0.95 V the forward voltage of a ES1D
diode used for D1 delivers a voltage drop of 44.86 V over each individual
resistor. Each individual resistor is capable of handling voltages over 100 V
over its terminals. The maximum power dissipation of a single resistor is 0.25
W. Designing for half of the rated power results in the current conducted
through the resistors being 2.786 mA according to Ohm’s law. The resistance
for each individual resistor is thus 16.1 kΩ. The resistance is chosen at 18 kΩ
since it is a commonly used resistor value and the resistance lowers the current
flowing through the resistors resulting in lower power dissipation.
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6.2.2 Design of the damping components
The components placed around the voltage comparator help to stabilize it.
The high gain of the comparator allows it to amplify its own noise as well as
measured noise to such a degree that the comparator becomes unstable and
begins to oscillate. The only viable method [25] of preventing the comparator
from oscillating make use of capacitors and resistors to implement hysteresis
and prevent noise from entering the comparator at its input terminals.
Capacitor C1 with a suggested [25] value of 1 nF absorbs any high frequency
noise before it enters the comparator. With less noise entering the comparator,
there is less possibility of the comparator oscillating.
Resistor R1 and R3 implements hysteresis, which reduces the chance that
the comparator may oscillate during the zero crossing of the tap voltage. The
chosen value for resistor R1 is 270 kΩ and for resistor R2 is 1 MΩ respectively,
as suggested in the data sheet of the LM311 [25].
6.2.3 Design of resistor R6
The use of diodes D1 and D2 to clamp the voltage over the terminals of the
voltage comparator has limitations. The diodes require a voltage over the
terminals, which is larger than the forward voltage of the diode to allow the
diode to conduct the current flowing through resistors R4 and R5. If the
tap voltage over the diodes drops below the forward voltage of the diodes,
these will stop conducting current and turn off. During this period when
the tap voltage falls below the diode’s forward voltage, the voltage over the
terminals of the voltage comparator will float, which causes the comparator
to oscillate. Placing resistor R6 in parallel with the diodes allows the current
flowing through resistors R4 and R5 to continue flowing, although the diodes
are switched off.
The maximum voltage that the resistor will have over its terminals while
conducting equals the forward voltage of the diodes of 0.95 V . The maximum
current that will be conducted must be calculated. The minimum tap voltage
to ensure that the diodes remain switched on is 0.95 V. The current flowing
through either one of the diodes just before the diode stops conducting is 2.638
µA. The resulting resistance for R6 results in 360 kΩ from Ohm’s law.
6.2.4 Design of resistor R2
The operation of the optical transmitter is controlled through the LM311.
The LM311 switches the optical transmitter on by switching off the transistor
inside itself and allows the current from the 5 V source to flow through the
optical transmitter. Switching the optical transmitter off is accomplished by
switching on the internal transistor of the LM311. The internal transistor of
the LM311 has a lower on-state voltage than that of the optical transmitter,
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and so the optical transmitter switches off with all the current flowing through
the LM311.
Thus designing the resistance of R2 to limit the current through the voltage
comparator is just as crucial as allowing enough current to flow through the
optical transmitter. The optical transmitter requires 60 mA of current to
operate effectively, but the LM311 is capable of conducting only 50 mA of
current. The result is that the resistance of R2 must be calculated to take
into account the currents that flow through both the LM311 and the optical
transmitter. The saturation voltage of the transistor inside the LM311 is 0.75 V
while the on-state voltage of the optical transmitter is 1.67 V. Calculating the
resistance of R2 using Ohm’s law [14], means that the resistance must be either
85 Ω or 55 Ω for the voltage comparator and optical transmitter respectively.
The final resistance value for R2 is thus chosen to be 85 Ω due to the resistor
limiting the current through the voltage comparator while providing sufficient
current for the optical transmitter.
The power dissipation for the resistor is 212.5 mW which is near the 250
mW limit of a 1206 package surface mount resistor. Implementing two 169 Ω
resistors in parallel provides a total of 500 mW power dissipation between the
two resistors with a combined resistance of 84.5 Ω.
6.2.5 Design results for the sign detector
Table 6.2 shows the values of all the components used to implement the sign
detector as designed herein.
Component Value
Voltage comparator LM311
R1 270 kΩ
R2 2x167 Ω in parallel
R3 1 MΩ
R4 10x18 kΩ in series
R5 10x18 kΩ in series
R6 360 kΩ
C1 1 ηF
D1 & D2 ES1D
Table 6.2: Controller board components.
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6.3 IGBT driver boards
The IGBT driver serves as an interface between the controller board and the
IGBT, with each IGBT requiring its own individual driver board. Each driver
board receives the gating signals from the controller board through the fibre
optic cables that connect the boards. These isolate the controller board from
the high voltages switched by the IGBTs.
The IGBT driver board also measures the on-state voltage over the collector-
emitter terminals of the IGBT. Measuring the voltage over the IGBT while
conducting allows the driver board to monitor the current flowing through
the IGBT. High currents desaturate the IGBT, thereby raising the collector-
emitter voltage higher than the saturation voltage of the IGBT. Measuring
the collector-emitter voltage of the IGBT allows the IGBT driver to determine
whether the IGBT is conducting more current than that for which it is rated.
Commercially available IGBT drivers switch off the IGBT and send a fault
signal to the controller immediately after the collector-emitter voltage has
risen above a set limit. These commercially produced drivers are specifically
manufactured for use in DC-to-AC converters but are inadequate for use in
the IGBT-based tap changer. The switching scheme of the tap changer must
be maintained during any fault conditions with the duty cycle of the PWM
set to 0%.
The drivers used in the tap changer must only inform the controller of a
fault condition but, it must not turn off the IGBT. Sending the fault signal to
the controller allows the controller to select which IGBTs must be switched off
in accordance with the switching scheme while providing a free-wheeling path
for the inductor current.
The basic layout of the IGBT driver [4] that is used to drive the IGBTs in
the tap changer is illustrated in Figure 6.5.
The driver chip IC1, used on the IGBT driver board to drive the IGBT
is a Texas Instruments UCC37321 driver. It provides the voltage and current
required by the IGBT to switch on and off. Using a 3 Ω for the gate resistor
R1, as suggested by Semikron in the data sheet for the 1 700 V IGBT [20],
limits the current provided by the driver to the IGBT.
The fault measurement circuit implements a LM311 as the voltage com-
parator used for IC2. The voltage comparator connects to the collector ter-
minal of the IGBT through diode D1. Using an Ixys DH20-18A diode to
block the high voltages during the periods when the IGBT is switched off, but
conducts current through resistor R2 when the IGBT is switched on. The ref-
erence voltage Vref provides the voltage comparator with the limit voltage that
the collector-emitter voltage may reach. The voltage comparator activates the
optical transmitter to inform the controller board that the collector-emitter
voltage has reached the set limit.
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IC2
Vref
Optical transmitter
R2
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Figure 6.5: Basic layout [4] of the IGBT driver.
6.4 Bypass switch driver board
The circuit board that drives the bypass switch integrates two circuit boards
into one in order to switch both thyristors S1 and S2. The circuit board pro-
vides the circuitry and components that are required to switch the thyristors
for both over-voltage and over-current protection.
The basic layout of the circuit board used to drive the thyristor in the
bypass switch is illustrated in Figure 6.6 [4] [26].
Table 6.3 below provides the values for the components used in the bypass
switch.
Providing passive protection against over-voltages presents its own unique
challenge. Making use of passive components to switch on the thyristors during
over-voltage situations provides a failsafe method of performing over-voltage
protection. Switching on the thyristors by means of a passive component
layout requires the use of a break-over diode (BOD) [26] as indicated in Figure
6.6 [26].
A BOD only starts to conduct current after the voltage over the diode has
reached the diode’s break-over voltage. The current flowing through the BOD
goes through the zener diode Z2 and diode D2 into the gate of the thyristor,
turning on the thyristor. Diode D1 [26] must be used in series with the BOD
to block the high reverse voltages present over the thyristor since the BOD is
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Figure 6.6: Basic circuit layout of the components used in the bypass switch driver
board.
incapable of blocking reverse voltages larger than 10 V. Resistor R2 limits the
current that can flow through the BOD.
Resistor R1 together with capacitor C2 forms a snubber network [26] that
prevents the thyristor from false triggering.
The over-current protection required to protect the IGBTs is implemented
by also making use of the thyristors in the bypass switch. An over-current event
takes place either when a fault signal has been generated by an IGBT driver,
or when the load current measured by the controller has reached the specified
limit. Pulsing the pulse transformer T1 [4] through the optical receiver with a
20 kHz block-wave allows the controller to switch on the thyristors. Doing so
just after the PWM has been deactivated forces the full load current through
the thyristors.
6.5 Measurement board
Measuring voltage levels and current flow at specific locations in the tap
changer allows the controller to respond accordingly to the measurements
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Component Value
Voltage comparator LM311
R1 500 Ω
R2 100 Ω High voltage
C1 47 nF
D1 & BOD Ixys IXBOD 1-14RD
D2, D3 and D4 ES1D
S1 and S2 Semikron SKKT 720/22E thyristor
Optical receiver Avago R-2521
Z2 3 V Zener diode
Z3 3.3 V Zener diode
Table 6.3: Bypass switch component values.
gathered. Responding to the measurements is vital, since non-response could
seriously damage the tap changer.
The measurement board delivers two measurements to the controller, namely,
the load voltage vLoad at the output of the tap changer and the load current iO.
Sending the load voltage to the controller allows the controller to set the duty
cycle of the PWM accordingly in order to control the level of the load voltage.
Measuring the load current merely serves as a protection mechanism, which
is used to protect the IGBTs from over-current situations that may damage
them.
Measuring the load voltage presents a challenge due to the high load voltage
of 6 351 V. Many methods can be used to measure the load voltage, and each
has its advantages and disadvantages. Measuring the load voltage by means of
resistive division is a cheap yet effective method. But resistive division provides
no isolation between the measurement board and the line voltage. Another
implementation involves the use of a voltage transducer, which provides good
isolation. However, it is an expensive component. The isolation provided by
the voltage transducer makes it the ideal choice for use in the tap changer,
and this is why it was used. The implementation of the voltage transducer is
shown in Figure 6.7.
Measuring the load current is simply done with the use of a LEM current
transducer. Figure 6.7 shows the implementation of the current transducer for
use with the measurement board.
Both the voltage transducer and the current transducer deliver current
outputs, which result in the use of resistors to convert the current into voltages
that can be measured by an ADC. But the ADC implemented on the controller
board is only capable of measuring voltages between 0 V and 5 V, with the
advantage of providing a two’s complement encoded output if the input voltage
into the ADC centers around 2.5 V. Making use of opamps IC1 and IC2 shown
in Figure 6.7 allows the measurement board to level shift the measured voltages
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Figure 6.7: Basic circuit layout of the components used for the measurement
board.
over the resistor to centre around any voltage with the use of the reference
voltage Vref . Setting Vref to deliver an output voltage out of each opamp that
centres around 2.5 V, results in the waveforms shown for each measurement
in Figure 6.7.
The design of the resistors for use with either the voltage transducer or the
current transducer is explained in the two following sections.
6.5.1 Load voltage measurement
The LEM voltage transducer that was chosen for measuring the load voltage
vLoad is a LV 100-4000/SP12 [27] voltage transducer. It has a nominal mea-
suring voltage of 4 000 VRMS which is below the required nominal measuring
voltage of 6 351 VRMS and therefore requires the use of resistor R1. Implement-
ing R1 in series with the voltage transducer forces the same current that flows
through the primary of the transducer to flow through the resistor, resulting in
a voltage drop over the resistor. Designing R1 to have a voltage drop of 2 351
VRMS over the resistor results in the voltage transducer measuring a voltage
of 4 000VRMS.
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The peak terminal voltage of 5 656 V over the voltage transducer and the
peak load voltage of 8 981 V result in a peak voltage drop of VR1 = 3 325 V.
The current flowing through the primary side ipv of the voltage transducer is
2.5 mARMS, creating a peak current of 3.536 mA. Using Ohm’s law to calculate
the required resistance for R1 to force a voltage drop of 3 325 V over the resistor
with the current at 3.536 mA results in R1 being 940 kΩ.
The power dissipation of the resistor is 5.878 W; this necessitated the use
of two 2 MΩ, 5 W resistors in parallel to form R1.
The design of R2 is based on the same principles as R1. A peak design
voltage of 2.45 V for VR2 a peak output current isv = 70.71 mA of the voltage
transducer means that the resistance of R2 must be 35 Ω. In view of the power
dissipation of 86 mW, only a single 250 mW surface mount resistor is needed.
The resulting waveform of the measurement provided by the opamp to the
ADC is shown by graph vo in Figure 6.7.
6.5.2 Load current measurement
Using a LEM LF 205-S [28] current transducer allows the controller to measure
nominal currents up to 200 ARMS. Resistor R3 converts the output current
of current transducer into a voltage that can be level shifted by IC2 before it
is converted by the ADC. Designing resistor R3 to convert the 141 mA peak
current output isi of the current transducer into a 2.45 V peak voltage results
in a resistance of 17.37 Ω for R3. The power dissipation required by the resistor
is 173.7 mW, thus requiring two 33 Ω, 250 mW resistors in parallel to make
provision for the power dissipation.
The resulting output provided by the opamp to the ADC is shown in the
graph for io in Figure 6.7.
6.6 Summary
This chapter looked at the supporting hardware used in the IGBT-based tap
changer. The main controller board featuring the FPGA and the supporting
ICs for the FPGA were discussed. The sign detector board, which detects
the polarity of the tap voltage over the IGBTs, was illustrated. The design
of the IGBT-driver boards, which receive the gating signals from the FPGA
via fibre optics to drive the IGBT, was presented. The driver circuit for the
bypass switch, which implements a break-over diode for passive over-voltage
protection, was reviewed. Lastly, the measurement board, which receives the
voltage and current measurement from the respective transducers and scales
the measured voltages for the controller board, was discussed.
Chapter 7
Voltage control design
Control of any device, be it electrical or mechanical is just as important as the
device itself. The IGBT-based tap changer is no exception to this principle.
One major purpose for which the IGBT-based tap changer has been designed
is to regulate the output voltage delivered to the load. But regulating the load
voltage requires a feedback control law to be added to into the IGBT-based
tap changer in order regulate the voltage.
Figure 7.1 shows the components that make up the feedback controller that
regulates the output voltage.
vref
+
-
vLoad
C(s) G(s)
error D(s) vLoad
Figure 7.1: Symbolic layout of the feedback controller used in the tap changer.
Most of the components used to form the feedback controller are located
inside the FPGA, with only the output voltage measurement performed outside
the FPGA with the use of the ADC. The list below provides a brief description
of each of the components mentioned in Figure 7.1.
• vref : The reference voltage input generated inside the FPGA uses a
lookup table that provides the desired waveform and amplitude, which
the output voltage vLoad must follow.
• vLoad: Digital representation of the load voltage measured with the ADC.
• Error signal: The error signal is the result of the load voltage vLoad
subtracted from the reference voltage vref .
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• Compensator C(s) block: The compensator takes the error signal and
calculates the required duty cycle of the PWM to adjust the load voltage
so that it follows the reference voltage.
• D(s) signal: Duty cycle set by the compensator for the PWM controlling
the switching of the IGBT-based tap changer.
• Plant G(s) block: This block is the plant block, and it represents the
transfer function of the tap changer in a mathematical format.
The design of the feedback controller is done by using the Design by Em-
ulation [29] method as contained in the three steps below.
• Step 1: Determine the transfer function of the plant G(s), in this case
the IGBT-based tap changer. The input of the plant model is the duty
cycle while the output is the output voltage.
• Step 2: Design the compensator C(s) in the continuous time domain to
compensate for the continuous plant model G(s) in order to control the
output voltage delivered by the IGBT-based tap changer.
• Step 3: Digitize the compensator for implementation into the FPGA.
The implementation of these steps and the design of the required com-
pensator to control the output voltage of the IGBT-based tap changer are
described in the following sections.
7.1 Step1 : Determine IGBT-based tap
changer plant G(s) model
The first step of deriving the continuous time domain transfer function of the
plant for the IGBT-based tap changer involves simplifying the circuit diagram
of the full system as set out in Figure 2.3 in Chapter 2. Since the IGBT-based
tap changer consists of two synchronous buck converters, as already stated, it
is possible for the IGBT-based tap changer to be simplified into a synchronous
buck converter. Figure 7.2 shows the circuit diagram of a synchronous buck
converter that was used herein for comparison, see the full system in Figure
2.3.
The ripple component of the inductor current iLO in Figure 7.2 flows to
ground through capacitor CO and returns to the inductor through whichever
IGBT is switched on at that moment. The ripple component of the inductor
current iLO in Figure 2.3 for the IGBT-based tap changer flows through capac-
itors C1 or C2 depending on which IGBT pair is switched on at the time before
returning to the inductor. A comparison of the synchronous buck converter
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vt
+
LO
iLO
CO
−
vLoad
+
RO
Figure 7.2: Synchronous bucking DC-to-DC converter.
and the IGBT-based tap changer reveals that the flow is the same and that it
allows the IGBT-based tap changer to be simplified into the basic circuit lay-
out as for a normal synchronous buck converter. The circuit diagram in Figure
7.3 therefore shows a simplified circuit diagram that was used to determine the
transfer function for the IGBT-based tap changer. Capacitor C1 and inductor
L1 represent the current flowing through the top tap of the transformer
−
vt
+
LO
iLO
C1
L1
C2
−
vLoad
+
ROdvt
+
-
Figure 7.3: Simplified IGBT-based tap changer for the derivation of the transfer
function.
The voltage applied to inductor L1 depends on the duty cycle multiplied by
the tap voltage vt, which allows the transfer function to be determined with dvt
as the input and vLoad as the output. Redrawing Figure 7.3 into 7.4 includes
only the components required for the calculation of the transfer function.
The circuit diagram in Figure 7.4 is similar to that in Figure 7.3 but with
all the components rearranged and converted to the s-domain. The circuit dia-
gram also contains the parasitic resistances of all the capacitors and inductors,
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Figure 7.4: Simplified model used to derive the mathematical model from for the
tap changer.
which represent the internal losses of the components that must be accounted
for to ensure the accuracy of the transfer function.
The transfer function required for the plant requires the duty cycle d as
the input and the load voltage vLoad as the output for the transfer function
with the following form :
G(s) =
VLoad(s)
D(s)
(7.1.1)
Deriving the mathematical model for the plant G(s) is based on Figure
7.4; the circuit diagram is simplified by adding the three parallel impedances
into one single equivalent impedance. Calculating the parallel equivalent
impedance by means of (7.1.2)[14] results in (7.1.3):
1
Zeq
=
1
RO
+
1
RC2 +
1
sC2
+
1
RC1 +
1
sC1
+RL1 + sL1
(7.1.2)
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1
Zeq
=
[
RO(
1
sC2
+RC2) +RO(
1
sC1
+RC1 + sL1 +RL1)
+(
1
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+RC1 + sL1 +RL1)(
1
sC2
+RC2)
]
RO(
1
sC1
+RC1 + sL1 +RL1)(
1
sC2
+RC2)
Zeq =
RO(
1
sC1
+RC1 + sL1 +RL1)(
1
sC2
+RC2)[
RO(
1
sC2
+RC2) +RO(
1
sC1
+RC1 + sL1 +RL1)
+(
1
sC1
+RC1 + sL1 +RL1)(
1
sC2
+RC2)
]
(7.1.3)
Using the single impedance value calculated in (7.1.3) simplifies the circuit
diagram in Figure 7.4 into the circuit diagram shown below in Figure 7.5.
−
dvt
+
RLO sLO
Zeq
+
vLoad
−
Figure 7.5: Further simplified model after the parallel impedances have been
combined into one equivalent impedance.
Implementing voltage division [14] delivers the output voltage vLoad with
reference to the input voltage dvt shown in (7.1.4) below:
VLoad(s) = D(s)vt
Req
sLO +RLO +Req
(7.1.4)
Substituting (7.1.3) into (7.1.4) delivers the transfer function of the plant
G(s):
VLoad(s)
D(s)
=
vt
(
RO(
1
sC1
+RC1+sL1+RL1 )(
1
sC2
+RC2 )
RO(
1
sC2
+RC2 )+RO(
1
sC1
+RC1+sL1+RL1 )+(
1
sC1
+RC1+sL1+RL1 )(
1
sC2
+RC2 )
)
(
RO(
1
sC1
+RC1+sL1+RL1 )(
1
sC2
+RC2 )
RO(
1
sC2
+RC2 )+RO(
1
sC1
+RC1+sL1+RL1 )+(
1
sC1
+RC1+sL1+RL1 )(
1
sC2
+RC2 )
)
+sLO +RLO
)
(7.1.5)
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Simplifying (7.1.5) by multiplying with (7.1.6) top and bottom :
RO
(
1
sC2
+RC2
)
+RO
(
1
sC1
+RC1 + sL1 +RL1
)
+
(
1
sC1
+RC1 + sL1 +RL1
)(
1
sC2
+RC2
)
(7.1.6)
Delivers (7.1.7) below:
VLoad(s)
D(s)
=
vtRO
(
1
sC1
+RC1 + sL1 +RL1
)(
1
sC2
+RC2
)
(
sLO +RLO
)[
RO
(
1
sC1
+RC1 + sL1 +RL1
)
RO
(
1
sC2
+RC2
)
+
(
1
sC1
+RC1 + sL1 +RL1
)(
1
sC2
+RC2
)]
+RO
(
1
sC1
+RC1 + sL1 +RL1
)(
1
sC2
+RC2
)
(7.1.7)
Simplifying (7.1.7) delivers the final transfer function of the plant G(s) in
the continuous s-domain:
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VLoad(s)
D(s)
= vtRO
(
1
C1C2
+ s3L1RC2
+s2
(
RC2
(
RC2 +RL1
)
+
L1
C2
)
+ s
(
RC2C2 +RC1C1 +RL1C1
C1C2
))
s4
[
LOL1
(
RO +RC2
)]
+s3
[
L1
(
RORC2 +RORLO +RC2RLO
)
+LO
(
RC2
(
RC1 +RL1
)
+
L1
C2
+RO
(
RC1 +RL1 +RC2
))]
+s2
[
RO
(
LO
C1 + C2
C1C2
+RLO
(
RC1 +RL1 +RC2
)
+RC2
(
RC1 +RL1
)
+
L1
C1
)
+ LO
(
RC2C2 +RC1C1 +RL1C1
C1C2
)
+RLO
(
RC2
(
RC1 +RL1
)
+
L1
C1
)]
+s
[
RO
(
RC2C2 +RC1C1 +RL1C1
C1C2
+RLO
C1 + C2
C1C2
)
+RLO
(
RC2C2 +RC1C1 +RL1C1
C1C2
)
+
LO
C1C2
]
+
[
RO +RLO
C1C2
]
(7.1.8)
Using the values provided in Table 7.1 for each of the variables used in the
transfer function provides the solution to (7.1.8) used in Matlab.
The load resistance is taken at 5% of the full rated load resistance, resulting
in a load resistance of 1 270.20 Ω
Figure 7.6 shows the result after performing a Bode analysis on the transfer
function of the IGBT-based tap changer in MATLAB, including the values in
Table 7.1.
Performing an AC transfer characteristic analysis on the model in Figure
7.4 in TINA (Texas Instruments Simulation software) delivers the Bode plot
shown in Figure 7.7. Comparing the Bode plot of the mathematical model with
the simulated Bode plot confirms the accuracy of the derived mathematical
transfer function in (7.1.8). This can furthermore be confirmed by noticing
CHAPTER 7. VOLTAGE CONTROL DESIGN 104
Variable description Symbol Value
Tap voltage vt 1 V
Series winding leakage inductance L1 202.159 µH
Output filter inductor inductance LO 265.66 µH
C1 capacitance C1 88 µF
C2 capacitance C2 88 µF
Load resistance RLoad 1 270.20 Ω
L1 parasitic resistance RL1 0.635 1 Ω
LO parasitic resistance RLO 0.03 Ω
C1 parasitic resistance RC1 0.03 Ω
C2 parasitic resistance RC2 0.03 Ω
Table 7.1: Values for the constants used in the transfer function of the IGBT-based
tap changer.
Open loop bode plot for the calculated model of the plant G(s)
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Figure 7.6: Bode plot of the open loop system for the calculated model.
the -3dB gain cut-off frequency on both plots at about 900 Hz and looking at
the shape of the phase.
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Open loop bode plot for the simulated plant
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Figure 7.7: Bode plot for the system simulated with TINA.
7.2 Step 2: Compensator C(s) design
The most important component required to control the load voltage of the
IGBT-based tap changer is the compensator. The compensator is designed
according to the model of the plant presented in the previous section.
The design of the compensator starts with the selection of an appropriate
compensator that works best for the specific plant G(s). The root locus of the
plant, as illustrated in Figure 7.8, shows the position of the poles and zeros of
the plant, which helps to determine which compensator should be used.
The root locus shows that the plant features two complex poles and one
complex zero. It is suggested [30] that a proportional-integral derivative (PID)
compensator [30] be implemented with a high frequency pole due to the pres-
ence of the complex poles. The PID controller in (7.2.1) [30] combines a com-
plex zero and a pole; the zero is designed to counter the effect of the complex
poles of the plant.
C(s) = Gcp
s2 + 2ζcpωcps+ ω
2
cp
s(s+ ωp)
(7.2.1)
The complex zero in the compensator is determined by the calculated nat-
ural frequency ωcp for the zero, together with a specific damping ratio ζcp. The
gain Gcp and the position of the pole ωp make up the final elements of the
compensator.
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Open loop root locus for plant G(s)
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Figure 7.8: Root locus plot of the open loop system without compensation.
The main design specification for the compensator is to control the cut-off
frequency of the IGBT-based tap changer to be ω0dB = 6283 rad/s. Designing
for a cut-off frequency of 6283 rad/s allows the fundamental to pass through
the compensator, while the high frequency switching is attenuated. The phase
margin for the compensated plant is chosen at φM = 57.5◦, which is in the
middle of the suggested [30] phase margin of between 45◦ and 70◦.
The position of the complex zero in the compensator is designed to com-
pensate for one of the complex poles of the plant. This means that one complex
pole has to be chosen for which the compensator must compensate. The posi-
tions of the two poles are shown in (7.2.2) and (7.2.3) respectively.
s1 = −402.8752 5± j4 185.465 rad/s (7.2.2)
s2 = −1 433.712± j11 573 rad/s (7.2.3)
Using the natural frequency of each pole helps to determine which pole will
be easier to compensate for, with the slower one being the ideal choice. Table
7.2 shows the natural frequency for each of the two poles together with their
damping ratios.
Pole s1 in (7.2.6) features the smaller natural frequency of the two poles,
which is used for designing the complex zero. This design of the complex zero
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Description Symbol Value
Natural frequency of pole s1 ωn1 4 204.81 rad/s
Damping ratio for pole s1 ζ1 0.096 256
Natural frequency of pole s2 ωn2 11 661.47 rad/s
Damping ratio for pole s2 ζ2 0.123 88
Table 7.2: Natural frequency and damping ratio for each of the two poles.
takes into account the natural frequency of the pole and the damping ratio.
Designing the complex zero for a natural frequency 30 % smaller [30] than that
of the pole results in ωcp = 3 234.47 rad/s. The damping ratio of the complex
zero is designed to have a damping ratio twice than the damping ratio of the
pole resulting in ζcp 0.192 511.
With the natural frequency and the damping ratio of the complex zero for
the compensator now known, the pole of the compensator can be designed.
This is done to correct the phase margin of the compensator so that the plant
with the compensator has an additional feature of a specified phase margin of
57.5◦. The design of the pole starts by calculating the required phase of the
compensator by taking into account the phase of the converter and the required
phase margin. Using (7.2.4) [30] together with the required phase margin of
57.5◦ and the converter phase φcv = -133.4◦ results in the compensator phase
being φcp = 13.4◦.
φcp = φM − 180◦ − φcv (7.2.4)
Once the required compensator phase is known, (7.2.5) [30] can be used to
calculate the multiplication factor.
fct = tan(90
◦ +
φcp
2
) (7.2.5)
The multiplication factor is used together with (7.2.6) [30] to determine
the final position of the pole.
ωp =
√
ωcpω0dBf
2
ct (7.2.6)
Using (7.2.5) to calculate the multiplication factor results in a value of -
8.513. If the natural frequency of the zero of the compensator is ωcp = 3 234.47
rad/s, while the specified cut-off frequency for the plant is ω0dB = 6 283 rad/s,
this results in a pole position of ωp = 326 668.86 rad/s using (7.2.6).
The known values are used in (7.2.7) illustrating the values of the compen-
sator. This means that only the gain is still unknown.
C(s) = Gcp
s2 + 1 245.34s+ 10 461 800
s(s+ 326 668.86)
(7.2.7)
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Using the sisotool in Matlab allows the gain to be adjusted in real time
until the required specifications for the compensated plant are reached. Using
this tool results in a gain value of Gcp = 37.553; the Bode plot for this gain
value is shown in Figure 7.9.
Open loop bode plot for plant G(s) with compensator added
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Figure 7.9: Bode plot of the compensated open loop system.
However, the Bode plot shows that the system does not comply with the
specified phase margin at the required cut-off frequency. In order for the
compensator to control the plant with the specified requirements, the pole of
the compensator has to be moved until the required phase margin is achieved.
Moving the pole in sisotool provides a quick trial and error method that can
be used until the required phase margin is as close as possible to the required
cut-off frequency. The resulting pole from this method is positioned at -3 095.8
rad/s, while the resulting gain is 1.275. The Bode plot for the final system is
shown in Figure 7.10, while Figure 7.11 shows the final root locus of the plant
with the compensator added.
The final compensator designed to control the IGBT-based tap changer is
shown in (7.2.8), and it includes the redesigned gain and pole.
C(s) = 1.275
s2 + 1 245.34s+ 10 461 800
s(s+ 3 095.8)
(7.2.8)
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Open loop bode plot for plant G(s) with compensator added
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Figure 7.10: Bode plot of the compensated open loop system after the pole as
been adjusted.
The final Bode plot in Figure 7.9 shows that the plant with the compensator
added in (7.2.8) allows the fundamental to pass through, while the switching
frequency of the converter is attenuated. The required phase margin for the
system is also reached.
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Open loop root locus for plant G(s) with compensation
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Figure 7.11: Root locus plot of the compensated open loop system.
7.3 Step 3 : Digitize the compensator
Once the design of the compensated system has been verified, the compensator
must be transformed from the continuous s-domain to the discrete z-domain
for implementation into a FPGA. Using Tustin’s method [29] to digitize the
continuous compensator by using the c2d command in Matlab with a sampling
time of 0.000 1 seconds, results in (7.3.1) below:
C(z) = 1.202
z2 − 1.789z + 0.885 2
z2 − 1.732z + 0.731 9 (7.3.1)
However, the discrete compensator in (7.3.1) cannot be implemented in a
FPGA without rewriting it to make the implementation easier. Multiplying
(7.3.1) with z−2
z−2 simplifies the equation by expressing the compensator so that
it makes use of the previous samples for the calculations:
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C(z) =
Y (z)
X(z)
= 1.202
1− 1.789z−1 + 0.885 2z−2
1− 1.732z−1 + 0.731 9z−2
Y (z)
(
1− 1.732z−1 + 0.731 9z−2
)
= 1.202X(z)
(
1− 1.789z−1 + 0.885 2z−2
)
Y (z) = 1.202
(
X(z)− 1.789X(z)z−1
+0.885 2X(z)z−2
)
+ 1.732Y (z)z−1
−0.731 9Y (z)z−2
(7.3.2)
Rewriting Y(z) and X(z) to work with the specific sample k of Y(z) and
X(z) makes use of the transformations in (7.3.3) below:
Y (z)z−2 = y(k − 2) Y (z)z−1 = y(k − 1) Y (z) = y(k)
X(z)z−2 = x(k − 2) X(z)z−1 = x(k − 1) X(z) = x(k) (7.3.3)
Substituting the values for Y(z) and X(z) of (7.3.3) into (7.3.2) and sim-
plifying:
y(k) = 1.202
(
x(k)− 1.789x(k − 1) + 0.885 2x(k − 2)
)
+1.732y(k − 1)− 0.731 9y(k − 2) (7.3.4)
But with y(k) = d(k) the output of the compensator and x(k) = error(k)
the input into the compensator delivers :
d(k) = 1.202
(
error(k)− 1.789error(k − 1) + 0.885 2error(k − 2)
)
+1.732d(k − 1)− 0.731 9d(k − 2) (7.3.5)
Due to the tap changer switching, an AC source requires the gain of the
compensator to be changed continuously, as the tap voltage vt changes. The
gain of the compensator for a tap voltage vt of 899 V is 0.001 326, while the
gain for a tap voltage vt of 1 V is 1.202. Because the gains are different, the
compensator gain has to be dynamic. The simplest method of implementing
such a dynamic gain structure is to set the compensator gain to 1.202, and
then to divide it by the tap voltage. The result delivers the gain required by
the compensator, depending on the tap voltage vt. Adding the dynamic gain
to (7.3.5) delivers the final compensator implemented into the FPGA with
dynamic gain in (7.3.6) below.
CHAPTER 7. VOLTAGE CONTROL DESIGN 112
d(k) =
1.202
vt
(
error(k)− 1.789error(k − 1) + 0.885 2error(k − 2)
)
+1.732d(k − 1)− 0.731 9d(k − 2) (7.3.6)
The tap voltage vt used in (7.3.6) can either be measured or generated in
the FPGA. Measuring the tap voltage presents some unique challenges with
regard to the voltage levels at which the taps operate. Two methods can be
used to measure the tap voltage; one connects a single voltage transducer
directly over the taps, thus measuring vt directly. The other method measures
the top tap voltage and the bottom tap voltage separately, and then subtracts
these values from each other in order, to arrive at the voltage between the taps.
Both of these methods require an extra voltage transducer or two, making the
IGBT-based tap changer more expensive to build.
However, if with the tap voltage is smaller than the input voltage and
only 10% of the input, then a different approach can be used, utilizing only
the FPGA. Using a sinusoidal waveform generator in the FPGA allows the
FPGA to simulate the tap voltage and directly to use the value from the
generator for the compensator. The only problem with this approach is the
reduced accuracy, but at least this implementation is not excessively costly
and it can be easily implemented. As a result, the method that involves the
FPGA to simulate the tap voltage will be implemented first and thereafter it
will be required to be tested to see whether it works before the direct voltage
measurement method is implemented.
7.4 Summary
This chapter looked at the design of a compensator for the IGBT-based tap
changer that can be used to control the output voltage provided by the tap
changer to the load. The step was to derive the mathematical model of the
plant G(s), which resembles the IGBT-based tap changer. Thereafter, the
compensator, which would compensate for the specific plant, was designed.
A proportional-integral derivative (PID) controller with a high-frequency pole
was chosen for the compensator and then the required positions of the compen-
sator pole and zero were determined. The compensator behavior was verified
by means of a Bode diagram to indicate the response of the compensator. Dis-
cretization of the compensator for implementation into a FPGA followed the
design of the compensator, which included dynamic gain to make provision for
the AC input voltage.
Chapter 8
Simulation results
This chapter looks at the operation of the IGBT-based tap changer which was
simulated with Simplorer V7.0 Student edition. Simulating the full system, as
presented in Figure 2.3 of Chapter 2, provides an in-depth analysis of the op-
eration of an IGBT-based tap changer. Looking at the flow of current through
the semiconductors and the passive components as well as the voltages over
these components makes it possible to determine whether the design is viable
and whether it can be implemented in practice.
Figure 8.1 shows the circuit diagram for the circuit used in Simplorer with
the values for each component given in Table 8.1.
The series winding of the autotransformer is represented by the dependent
voltage source EC1. This voltage source is set to 10 % of the voltage mea-
sured by VM3. L2 represents the leakage inductance of the series winding of
the autotransformer with value a of 202.159 µH used simulation purposes, as
calculated in Chapter 5. Current source I1 represents the load, which conducts
100 ARMS of current for the simulations. The simulation operates the IGBTs
with a switching frequency of 10 kHz at a duty cycle of 50%, while allowing
for dead time, which is also implemented in the equation blocks. The chapter
starts by looking at the general operation of the IGBT-based tap changer and
thereafter conducts a more in-depth analysis of the details.
8.1 General Operation simulations
This section looks at the simulation results of the input and output voltages
and currents of the IGBT-based tap changer. Operating at full rated power,
with zero phase shift between the input voltage and the input current, the
output voltage I1.V is slightly out of phase with the input voltage VM1.V in
Figure 8.2. The phase shift between the input voltage and the output voltage
is the result of the line inductance simulated by L2 and the filter inductor L3.
Comparing the input current in Figure 8.3, as measured measured through
L2, and output current I1.A in Figure 8.4, shows that there is no phase shift
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Figure 8.1: Circuit diagram of the full system used in Simplorer.
Description Symbol Value
Main input voltage E1 6 351 VRMS
Tap voltage EC1 10 % of E1
Line inductance L2 19.04 mH
Transformer series winding leakage inductance L1 202.159 µH
Filter capacitors C1 and C2 88 µF
Snubber capacitor CS 116 µF
Output filter inductor L3 266.65µH
Output current source I1 100 ARMS
Table 8.1: Values of the components used in Simplorer.
CHAPTER 8. SIMULATION RESULTS 115
Input voltage measured at VM1 and
output voltage over the current source I1
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Figure 8.2: Input voltage and output voltage plotted together, showing a few
degrees phase shift between the two.
between these two.
Input current through inductor L2
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Figure 8.3: Input current delivered by voltage source E1 through the line induc-
tance L2.
Phase shifting the output current so that is lags by 30◦ in Figure 8.5 shows
that the IGBT-based tap changer always provides a current path while oper-
ating.
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Output current through the current source I1
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Figure 8.4: Output current delivered by the IGBT-based tap changer to the
current source.
The same holds for a leading phase shift of 30◦ in Figure 8.6.
The ripple at the start of the plots in Figures 8.5 and 8.6 is due to the
startup of the IGBT-based tap changer with zero initial currents. This effect
dissipates after the first cycle of the fundamental has passed. The current I1.A
is scaled by a factor of 10 for illustration purposes.
30◦ phase shift between voltage and current with current lagging
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Figure 8.5: Phase shift between voltage and current with the current lagging the
voltage.
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30◦ phase shift between voltage and current with current leading
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Figure 8.6: Phase shift between voltage and current with the current leading the
voltage.
The ripple component present on the output voltage during the negative
half cycle in all the graphs is due to the switching scheme. It is during this
cycle that the snubber capacitor CS is shorted out and all the filtering is done
by capacitors C1 and C2 alone. This is not present during the positive half
cycle of the voltage, when the snubber capacitor CS is connected in parallel
with capacitor C1 and C2, which are also operating as a filter.
The ripple during the negative cycle indicates that capacitors C1 and C2
are not able to filter the output voltage, and this requires the design to be
fine-tuned to ensure better results before practical implementation.
The next section looks at the simulation of the switching scheme.
8.2 Switching scheme
The switching scheme presented in Chapter 2 depends on the polarity of the
voltage over the IGBTs. A sign detector circuit provides a signal for the
controller so that is knows exactly what the polarity of the voltage is. Using
a sign block in Simplorer provides the same signal as the sign detector circuit
board would in the practical implementation. Figure 8.7 shows the operation
of the switching scheme, as the voltage over the IGBTs changes polarity.
The output of the sign block used in Simplorer is shown at the bottom of
the graph, with a positive output value for positive polarity and a negative
output for negative polarity in respect of the voltage over the IGBTs. The
influence of the sign signal on the IGBT gating signals is shown in the wave-
forms at the top of the graph. It shows that IGBTs 1 and 4 are switched on
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Switching scheme operation
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Figure 8.7: Waveforms showing the operation of the switching scheme with the
gating signals for the IGBTs at the top. The voltage over the IGBTs and the current
through the output filter inductor L3 are in the middle and the output of the sign
detector is at the bottom.
permanently, while IGBTs 2 and 3 are pulse width modulated during posi-
tive voltage over the IGBTs; the reverse applies for negative voltage over the
IGBTs. This is necessary for the correct operation of the IGBT-based tap
changer, as described in Chapter 2.
The effect of the commutation is largest on the snubber capacitor, as al-
ready indicated in the previous section. Figure 8.8 shows how the snubber
capacitor only filters the tap voltage during the positive half cycle of the tap
voltage.
Looking at the operation of the IGBTs in the next section provides some
insight into how the output voltage and current are provided by the IGBT-
based tap changer.
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Effect of switching scheme on snubber capacitor
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Figure 8.8: Waveform of the snubber capacitor voltage showing the influence of
the commutation on the voltage over the capacitor.
8.3 Voltage over and current through the
IGBTs
The switching scheme that is used to operate the IGBT-based tap changer
forces the entire tap voltage over the pair of IGBTs, which are switched at
high frequency. This also forces the pair of IGBTs that is switching at high
frequency to conduct the full inductor current. Figure 8.9 shows the tap voltage
measured by VM2 and the inductor current flowing through inductor L3, which
is centred around the output current of current source I1. These voltages and
currents are used as a reference for the next figure.
Figure 8.10 shows the voltages over IGBTs 2 and 3 while operating together
with the current through IGBT2 and diode D3. The graph also shows the
gating signals of IGBT2 and IGBT3 at the top of the graph.
The simulation of the inductor and the output current provides an ideal
situation for verifying the inductance of the inductor. When the peak value of
the ripple component of the inductor current is 182 A, while the peak output
current is 141 A, this results in ripple component that is 22.5% of the output
current. However, this value is within the design specification of up to 30%.
The black waveform shows the voltage over IGBT2, while the red waveform
shows the voltage over IGBT3. It can clearly be seen that IGBT2 is switched
off during the period when the voltage over the IGBT equals the tap voltage,
as measured by VM2 in Figure 8.9. The same holds for IGBT3, which is
switched off during the period when the voltage over the IGBT equals the
tap voltage. But the off-state voltage over IGBT2 is a little higher than the
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Tap voltage and current over narrow time period
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Figure 8.9: Voltage over the taps of the autotransformer together with the current
flowing through the output inductor L3.
voltage over IGBT3, which can be attributed to the lower on-state voltage of
diode D3 while it is conducting.
The voltage over IGBT2 stays positive while it is conducting the inductor
current, which proves that IGBT2 is conducting the inductor current. This
is not true for IGBT3, however: the voltage over IGBT3 drops below zero,
indicating that diode D3 is conducting the inductor current because of the
positive inductor current.
The inductor current L3 is thus conducted by IGBT2 and diode D3, as
determined by the switching scheme: the inductor current rises while IGBT2
is switched on, and it falls while diode D3 conducts. This raising and lowering
of the inductor current is due to the voltage over the inductor. The output
voltage of the IGBT-based tap changer over the current source has a peak
voltage of 9 412 V because 50% of the tap voltage is added to the input
voltage. Thus, connecting the input into the inductor to the top tap will
result in a positive voltage difference over the inductor causing the inductor
current to rise. The reverse applies with connecting the inductor to the bottom
tap, with the bottom tap voltage lower than the output voltage, which causes
the inductor current to fall.
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Tap voltage over IGBT2 and IGBT3 and inductor L3 current
through IGBT2 and diode D3 while switching
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Figure 8.10: IGBT2 voltage, current and gating signal as well as IGBT3 voltage
and gating signal with diode D3 current.
8.4 IGBT switch on and off simulation
Switching the IGBTs on and off, changes the voltage and current over and
through the IGBTs as well as the diodes. When IGBT2 is switched on, it
causes the voltage over this IGBT to fall, while current through is rises. The
reverse occurs in the case of diode D3: the diode voltage increases, as the
current through the diode falls. The rates at which the voltage and current
exchanges occur between IGBT2 and diode D3 are equal, as shown in Figure
8.11.
The top two waveforms show the gating signals for IGBT2 and IGBT3.
The effect of the dead time implemented into the PWM is clearly noticeable,
as the gating signal for IGBT3 is low long before the gating signal for IGBT2
is applied. The voltage and current exchange only takes place at the instant
when IGBT2 is switched on, while nothing happens when the gating signal for
IGBT3 is removed.
In Figure 8.12, switching IGBT2 results in the voltage and current ex-
changing from IGBT2 to diode D3, while the gating signal to IGBT2 is being
removed. IGBT3 is only switched on after the dead time period has elapsed,
but this is not shown on the graph.
This current exchange between IGBT2 and diode D3 only applies in the
case of positive inductor current and positive tap voltage; the voltage and cur-
rent exchange is completely different in the case of negative inductor current.
The voltage and current exchange with regard to negative inductor current
takes place between IGBT3 and diode D2, depending on the gating signal
CHAPTER 8. SIMULATION RESULTS 122
Voltage and current exchange between IGBT2 and diode D3
while switching IGBT2 on
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Figure 8.11: Switch-on behavior of IGBT2 while applying the gating signal to
IGBT2.
Voltage and current exchange between IGBT2 and diode D3
while switching IGBT2 off
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Figure 8.12: Switch-off behavior of IGBT2 while removing the gating signal from
IGBT2.
applied to IGBT3. The results for negative inductor current are not shown,
however, because the voltage and current exchange behaviour between the
components is similar for negative inductor current.
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8.5 Filter capacitor simulation
The influence of the passive components on the operation of the IGBT-based
tap changer can clearly be seen in Figure 8.13. The graph shows the gating
signals applied to IGBT2 and IGBT3 at the top of the graph, while the tap
voltage measured by VM2 (red) shows that the simulation is analysed at the
peak tap voltage.
The voltages over capacitors C1 and C2 shown in the middle of the graph
show that the output voltage is half of the tap voltage, due to the 50 % duty
cycle of the PWM. This can be attributed to the fact that the voltage over
both capacitors is half the tap voltage; added together, they make up the tap
voltage. Changing the duty cycle changes the voltage over these capacitors,
which results in a higher voltage over one capacitor and a lower voltage over
the other, but the sum of the two still equals the tap voltage. The result of
changing the duty cycle is shown in Figure 8.14, with the duty cycle set to 75
%.
A closer look at the current flowing through the filter capacitors C1 and C2
as well as through the snubber capacitor CS shows that these currents equal
the ripple current flowing through inductor L3. The ripple component of the
inductor current is split between the capacitors, thus providing a return path
for the ripple current of the inductor current. The benefit of this return path
is that the ripple component of the inductor current does not go through the
system, which therefore does not subject the load to any harmonics generated
by the IGBT-based tap changer.
Voltage over and current through filter components C1,C2,CS and L3
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Figure 8.13: Graph showing the capacitor voltages and currents together with
the gating signals for IGBT2 and IGBT3 for a duty cycle of 50 %.
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Voltage over and current through filter components C1,C2,CS and L3
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Figure 8.14: Graph showing the capacitor voltages and currents together with
the gating signals for IGBT2 and IGBT3 for a duty cycle of 75 %.
8.6 Summary
This chapter has looked at the simulation results performed with Simplorer,
focusing specifically on the influences of the different components on each
other, while the IGBT-based tap changer was operating at rated power. The
chapter began by discussing the input and output voltage waveforms, which
showed that the output voltage lagged behind the input voltage by a few
degrees. The simulation also showed the influence of the switching scheme on
the operation of the snubber capacitor during the negative half cycle of the
tap voltage.
Looking at the simulation of the behavior of the IGBTs showed that the
IGBTs switch the full tap voltage on and off while operating and while they are
conducting the full inductor current. It emerged from simulating the switch-
on and -off behavior of the IGBT, that the inductor current tap voltage is
conducted by one IGBT and one diode, while the IGBT-based tap changer
switches at high frequency. The final simulation looked at the influence of
the passive components on the IGBT-based tap changer. It was found that
the tap voltage is split between the filter capacitors while the capacitors are
conducting the ripple component of the inductor current.
Chapter 9
Practical measurement results
This chapter looks at the measurements gathered from the scale-model IGBT-
based tap changer, which was built to verify the design of the tap changer. The
chapter starts by presenting the layout of the scale IGBT-based tap changer
and the ratings of the tap changer. This is followed by a discussion of the prac-
tical measurements, which were conducted on the scale-model IGBT-based tap
changer in order to evaluate its operation and to verify the practicality of the
design. An efficiency analysis of the scale-model IGBT-based tap changer
is conducted. Lastly, the chapter accesses the design of the controller for
the scale-model IGBT-based tap changer and the voltage regulation measure-
ments.
9.1 Layout and ratings of the scale-model
IGBT-based tap changer
An existing prototype (referred to as the scale-model IGBT-based tap changer)
was used to test and verify the concept of IGBT-based tap changer as presented
in this thesis. The software for the FPGA, however, was designed during the
course of this thesis, and it is discussed in detail in Chapter 10. The layout
shown in Figure 9.1, which was used to construct the scale-model, is the same
layout as proposed for the IGBT-based tap changer.
The rating of the entire system is shown below in Table 9.1.
Description Value
Power rating 5 kVA
Input voltage 212 V
Output voltage 230 V
Switching frequency 10 kHz
Table 9.1: Rating for the single phase scale-model IGBT-based tap changer.
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Figure 9.1: Circuit diagram of all the components used for the scale-model IGBT-
based tap changer.
Figure 9.2 shows a photo of the full system, indicating the different com-
ponents of the scale-model IGBT-based tap changer.
Figure 9.3 shows the connection of the IGBT drivers to the IGBTs, which
are in turn connected to the sign detector board.
CHAPTER 9. PRACTICAL MEASUREMENT RESULTS 127
Controller board
Measurements board
Filter capacitors
Filter inductor
Autotransformer
Figure 9.2: Photograph of the scale-model IGBT-based tap changer, indicating
the controller board, measurement board, filter capacitors, output inductor, and the
autotransformer.
IGBT driversIGBTs
Sign detector
Snubber capacitor
Snubber capacitorInput filter capacitor
Figure 9.3: Photograph of the connection of the IGBT drivers to the IGBT
connected to the sign detector board together with the snubber capacitors.
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Thyristor module
Bypass switch board
Figure 9.4: Photograph of the connection of the bypass switch together with the
thyristor module.
The final photograph in Figure 9.4 shows the bypass switch board con-
nected to the thyristor module.
The autotransformer is equipped with 5 taps rated at 212 V, 222 V, 232 V,
242 V and 252 V. The autotransformer is a single winding autotransformer with
the input from the mains connected to the 212 V tap. The scale-model IGBT-
based tap changer connects to the autotransformer in a boosting configuration
with the scale-model IGBT-based tap changer connected to the 212 V and 252
V taps resulting in a tap voltage of 40 V. The boosting configuration requires
a nominal input voltage of 212 V to deliver a 230 V output voltage to the load.
The values of all the passive components together with the model numbers
of the different semiconductors are summarised below in Table 9.2.
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Description symbol Value
IGBT modules T1 to T4 SEMIKRON SKM50GB063D
and D1 to D4
Thyristor module S1 and S2 SEMIKRON SKKT 162/12 E
Filter capacitors C1 and CO 50 µF
Output filter inductor LO 488.9 µH
Snubber capacitor Cs 2µF
Table 9.2: Values of the components used in the scale-model IGBT-based tap
changer.
9.2 Operational measurements
The measurements conducted and presented in this section cover all the mea-
surable values of the scale-model IGBT-based tap changer with regard to both
voltages and currents. These measurements were conducted with the scale-
model IGBT-based tap changer operating at a power of 4.8 kW connected to
a resistive load, while switching at 10 kHz with a constant 50 % duty cycle.
The equipment used for the measurements is shown in Table 9.3.
Description Manufacturer Model Number
Oscilloscope Tektronix TDS 3014
Voltage probe 1 and 2 Tektronix TEK P5100 Voltage probe
Current probe 1 and 2 Tektronix TCP202
Current probe CT Tektronix CT4
Power meters 1 and 2 Yokogawa 2533 Digital power meter
Table 9.3: Model numbers and manufacturer of the measurement equipment used.
The process began by measuring the input voltages and currents in and out
of the scale-model IGBT-based tap changer, as shown in the image capture
from the oscilloscope in Figure 9.5.
The input voltage and current were measured at vin and iLine respectively
and are shown in Figure 9.1. The output voltage and current were measured
at vLoad and iO, as shown in Figure 9.1. These values were also measured
separately with the use of two Yokogawa digital power meters with the results
shown below in Table 9.4.
The efficiency of the system is calculated from these measurements using
(9.2.1). According to this, the scale-model IGBT-based tap changer has an
efficiency of 97.85%.
η =
Output power
Input power
(9.2.1)
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The measurement depicted in Figure 9.6 focus on the tap voltage and the
current flowing through the top and bottom taps, while the scale-model IGBT-
based tap changer was operating at the specified power of 4.8 kW.
Figure 9.6 shows the tap voltage and output current provided by the au-
totransformer to the converter. The tap voltage was measured at position vt
while the high tap current was measured at itapH and the low tap current at
itapL , as indicated in Figure 9.1. It can clearly be seen that the top tap con-
ducts more current than the bottom tap; this is because the top tap being at
higher voltage requiring more current to raise the output voltage above the
212 V input voltage. Adding the two tap currents together results in the same
output current showing that the output current is split between the two taps.
The effect of the switching is clearly visible in Figure 9.6: all the waveforms
show a top and bottom envelope as the IGBTs switch between the top and
bottom taps.
The next measurement, illustrated in Figure 9.7, looks at the voltage over
the snubber capacitor, as well as the inductor current and the output current.
The measurement shows the influence that the switching scheme has on the
operation of the snubber capacitor. During the positive half-cycle, when IGBTs
T1 and T4 are switched on permanently, the snubber capacitor is connected
in parallel with the filter capacitors, thus allowing the snubber capacitor to
filter the tap voltage. During the negative half-cycle, when IGBTs T2 and
Figure 9.5: Measurement of the input voltage (Dark Blue) and current (Light
Blue) together with the output voltage (Purple) and current (Green).
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Description Value
Input voltage 212.3 V
Input current 22.667 A
Input active power 4.790 kW
Output voltage 238.6 V
Output current 19.660 A
Output active power 4.687 kW
Table 9.4: Input and output measurements made with the power meters
Figure 9.6: Measurement of the tap voltage vt (Dark Blue) and the tap currents
for the high tap position itapH (Light Blue) and low tap position itapL (Green).
T3 are switched on permanently, the capacitor is short-circuited and unable
to perform filtering. Both of these behaviours are clearly visible from the
waveform of the snubber capacitor voltage shown in Figure 9.7.
The measurement result also shows the inductor current together with
the output current. These currents are measured at the same time to show
that the inductor has a ripple component that is not present in the output
current. The switching of the IGBTs between the two taps can clearly be seen
in the inductor current, as the current shows both top and bottom switching
envelopes. The measurement shown in Figure 9.8 shows only the inductor
current, with the switching clearly visible at the peaks of the inductor current,
which is as expected.
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Figure 9.7: Measurements of the snubber capacitor voltage vCs (Dark blue),
inductor current iL (Light Blue) and the output current iO (Green).
Figure 9.8: Inductor measurement showing the inductor ripple current at the
peaks of the waveform.
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The fact that the output current does not show a ripple component, verifies
that the filtering done through the connection of capacitors C1 and C2 together
with inductor LO is sufficient. The measurement conducted on the snubber
capacitor voltage verified that the switching scheme works as proposed.
The next section looks at the control of the output voltage by designing a
new compensator specifically for the scale-model IGBT-based tap changer.
9.3 Control measurements
In order to verify that the controller designed in Chapter 7 works in the scale-
model IGBT-based tap changer, the controller had to be redesigned with re-
spect to the different passive components used in the scale-model IGBT-based
tap changer. However, designing the compensator requires the series winding
leakage inductance of the 5 kVA autotransformer to be calculated first. The
method described in Section 5.1.1 of Chapter 5 was therefore used to calcu-
late the leakage inductance of the series winding by means of conducting the
short-circuit test on the series winding.
The results from the measurements are provided in Table 9.5 below.
Description Value
Input voltage 1.3 V
Input current 19.2 A
Input active power 18 W
Output current 16.1 A
Table 9.5: Results from the short circuit tests using both the power meters for
the measurements
Accoring to (5.1.5)1, the autotransformer draws 17.292 VAR of reactive
power. Using (5.1.7) and (5.1.8)2 determines the total winding resistance at
0.049 Ω and the total winding leakage reactance at 0.047 Ω. In order to
separate the series winding reactance from the common winding reactance,
the current factor in (5.1.9)3 must have a value of 0.839. The resulting leakage
reactance of the series winding is calculated with (5.1.13)4 with a value of
0.007 573 Ω. Finally, the series winding inductance is calculated with (5.1.14)5
results in a value of 24.107 µH. The resulting resistance of the series winding
is calculated with (5.1.11)6 to be 0.008 Ω.
1See page (5.1.6)
2See page 66
3See page 67
4See page 68
5See page 68
6See page 67
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Figure 9.9: Regulated output voltage (Light Blue) while correcting the waveform
while applying a instantaneous 20 V step to the input voltage (Dark blue).
The same design methodology as that present in Chapter 7, namely, the de-
sign by emulation [29] technique, is used to design and implement the feedback
controller for the scale-model IGBT-based tap changer into the same FPGA.
The design of the compensator for the scale-model IGBT-based tap changer is
shown in Appendix A.
The final compensator is shown in (9.3.1) below:
d(k) =
5.000 47
vt
(
error(k)− 1.941error(k − 1) + 0.985 7error(k − 2)
)
+1.169d(k − 1)− 0.168 8d(k − 2) (9.3.1)
Testing the compensator on the scale-model IGBT-based tap changer re-
sulted in poor performance, with the scale-model IGBT-based tap changer
performing no regulation.
After multiplying the gain of the compensator with 25, however, the scale-
model IGBT-based tap changer did successfully regulate the load voltage, while
improving the waveform. Figure 9.9 shows the measurements conducted on
the scale-model IGBT-based tap changer with the compensator added.
This measurement shows that the designed compensator is able to control
the scale-model IGBT-based tap changer to such an extent that the output
voltage can be regulated while correcting the output waveform. The controller
is also capable of regulating the output voltage within a single cycle of the
input voltage when a step change is applied.
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9.4 Summary
This chapter looked at the practical measurements that were used to validate
and verify the concept of the IGBT-based tap changer by means of a scale-
model. Practical measurements were done on the input and output voltage
and currents, as well as assessing the efficiency of the scale-model IGBT-based
tap changer. The chapter also measured the currents provided by the taps of
the autotransformer to the converter. The resulting waveform shown for the
voltage over the IGBTs proves that the converter in the scale-model IGBT-
based tap changer does work successfully. The measurement of the snubber
capacitor voltage shows the effect of the switching scheme on the capacitor.
The final measurements tested the performance of the compensator that had
been designed specifically for the calculated leakage inductance of the selected
autotransformer.
Chapter 10
FPGA embedded software design
In order to ensure that the IGBT-based tap changer switches at the correct
frequency and in order to regulate the output voltage, the FPGA had to be
programmed with the appropriate embedded software. This software controls
the IGBTs that are used inside the IGBT-based tap changer by means of a
specifically designed set of processes. Utilising the different fault and sign sig-
nals and the output voltage measurements, these processes are able to control
the IGBT-based tap changer.
This chapter looks at the software features that were implemented on the
FPGA to control the IGBT-based tap changer. As a useful starting point, this
chapter gives an overview of all the different components used on the FPGA.
Thereafter, the different processes that are used to control the IGBT-based tap
changer are reviewed. The list below briefly mentions each of the processes
used.
• PWM generation process: This process generates the PWM for the top
and bottom IGBTs.
• Commutation process: Controlling the gating signals of all four of the
IGBTs makes this the most important and vital process on the FPGA.
• Protection process: Protection of the IGBTs is particularly important
for the IGBT-based tap changer. This process monitors the fault sig-
nals received from the IGBT driver circuit boards, and it responsible for
disabling the PWM if a fault occurs.
• ADC process: Generating the clock and chip select signals for the ADC
allows this process to select which channel the ADC must convert. This
converted value is then used by the control process.
• Control process: Controlling the output voltage of the IGBT-based tap
changer is critical for providing a regulated output voltage. Using the
136
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ADC measurement together with the control algorithm derived in Chap-
ter 7 to set the duty cycle of the PWM furthermore regulates the output
voltage of the IGBT-based tap changer.
10.1 The Altera EP3C25Q240C8 FPGA
The FPGA implemented to control the IGBT-based tap changer is an Altera
manufactured FPGA. Table 10.1 summarises the relevant specifications of this
FPGA.
Description Value
Logic elements 24 624
M9K embedded memory blocks 66
Total RAM (Kbits) 594
Embedded 18-bitx18-bit multipliers 66
Phase-lock-loops (PLL’s) 4
Pin count 240
Maximum user I/O pins 148
Table 10.1: Altera EP3C25Q240C8 [6] FPGA Specifications.
The programming language used to program the embedded software for the
FPGA is VHDL. Programming in VHDL is done within the Quartus II V9.2
software development environment made available by Altera; this is designed
specifically for Altera FPGAs.
Quartus II compiles the VHDL code and optimizes it for the specific FPGA
selected. It also checks that the design timings as well as the indicated clock
input will work for the specific FPGA. The programming files generated by
Quartus II are uploaded to the FPGA via the JTAG interface through an
Altera USB-blaster programmer. The FPGA begins to operate immediately
after is has been programmed. Storing the program code on the EPCS16
configuration device allows the FPGA to start operating directly after the
controller board has powered up.
Loading the program code onto the EPCS16 device is accomplished by
means of two different methods. The first method loads the program code
directly onto the EPCS16 device through an Active serial port, whereas the
second method loads the program code through the FPGA connected to the
JTAG interface. This second method simplifies the controller board layout
because it does not require the Active serial programming port to be installed.
Programming the FPGA in VHDL allows multiple processes to be created,
all of which can operate in parallel to each other. Running from the same clock
source synchronizes the processes with each other, allowing control signals to
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flow between the different processes. These control signals allow one process
to start after another has finished.
Control signals do not originate from within the FPGA only. Fault signals
and other control signals sent by different components are also able to enter
the FPGA. However, these signals are not synchronized with the clocks of the
different processes, and may potentially false trigger the processes to which
they are connected, which will negatively influence the operation of the FPGA.
It is thus vital to synchronize the external input signals to the FPGA by
clocking them through a flip-flop. The flip-flop clocks these signals into the
FPGA on the rising edge of the system clock, synchronizing the input signals
with the rest of the FPGA. This allows the input signals to change without
affecting the operation of the FPGA.
Using different clock sources for different processes requires these clock
sources to be synchronized as well. Clock skew occurs when they are not
synchronized, which will lead to processes executing in an unsynchronized
fashion. Synchronizing the clocks in the FPGA is done by means of a phase-
lock-loop (PLL) together with a clock domain setup in Quartus II. The clock
domain setup in Quartus II informs the timing analyser which clock must be
compensated for while performing the timing analysis for the specific FPGA.
The input clock into the FPGA is used as the clock domain for the timing
analyser before it enters the PLL. Using a 24.576 MHz crystal oscillator for the
input clock for the FPGA and PLL allows the derived clocks to be generated
by a single PLL, as shown in Table 10.2.
Clock name Multiplier Resulting clock (MHz)
System clock x 1 24.576
PWM clock x 2 49.152
ADC clock ÷ 5 4.915
Table 10.2: PLL output clocks.
Running the system clock through a so-called ’times one multiplier’ in the
PLL allows the system clock to be synchronized with the other clock outputs
of the PLL. Using the PWM clock at a frequency of 49.152 MHz furthermore
allows the PWM to be generated at double the resolution than for the 24.576
MHz clock. The ADC operates with a 4.915 MHz clock, which is well below
the 20 MHz limit [31] of the ADC. A 4.915 MHz clock allows the ADC to
provide over three hundred thousand samples per second, which is adequate
for the IGBT-based tap changer.
Setting up Qaurtus II to synchronize the clocks through the PLL together
with the single clock domain is vital, as is clocking the input signals into the
FPGA. Using these settings as well as the parallel processes allows the FPGA
to control the IGBT-based tap changer by means of the processes below. The
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following sections describe the processes that are used to control the IGBT-
based tap changer, using flow charts to illustrate the flow of each process.
10.2 PWM generation process
The generation of the PWM signals for the IGBT-based tap changer is vital
for the correct operation of the tap changer. This process generates the PWM
while also including the dead time. The 49.152 MHz PWM clock generated by
the PLL is used to drive a counter that counts from 0 to 4916, thus generating a
10 kHz signal. Figure 10.1 shows the diagram used to determine the switch-on
and -off positions for the top and bottom PWM signals (referred to as PWM
TOP and PWM BOTTOM).
Each cycle of the PWM starts with the PWM counter value at 0. The PWM
is in a dead time zone between 0 and 123 of the PWM counter, resulting in
2.5 µs dead time. With the duty cycle set at 50%, the PWM TOP signal can
be switched on until the PWM counter reaches the PWM cycle 1 value. The
PWM cycle 1 value is switched off for the PWM TOP signal and is determined,
by the following equation:
PWM cycle 1 = Duty cycle ∗ 4 916 − 123 (10.2.1)
PWM TOP switches off at the PWM cycle 1 position and enters the dead
time period between the PWM TOP and PWM BOTTOM signals. The PWM
BOTTOM signal switches on after the PWM counter has counted 246 cycles
on from the PWM cycle 1 at position PWM cycle 2. Equation 10.2.2 below
shows the equation used to derive the position for PWM cycle 2.
PWM cycle 2 = Duty cycle ∗ 4916 + 123 (10.2.2)
PWM BOTTOM switches on at PWM cycle 2 and switches off before
the dead time for the next switching cycle starts. Starting the dead time at
PWM cycle 1
PWM cycle 2
Duty cycle * 4916
4916
4793
123
0 PWM counter
PWM TOP
PWM BOTTOM
Figure 10.1: PWM generation diagram
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123 cycles of the PWM counter before the end of the cycle forces the PWM
BOTTOM signal to switch off at 4793 cycles of the PWM counter. The final
dead time section lasts only 2.5 µs as the PWM counter counts 123 cycles from
4793 to 4916 where the PWM counter is set back to 0 and the switching cycle
starts over again.
The implementation of dead time influences the effective percentage of
duty cycle that can be applied. If the duty cycle is set below 5.004%, then
the PWM TOP signal will not switch on for the entire switching cycle. This
happens becuase the PWM cycle 1 is positioned before the 123 dead time count
value. The same occurs for a duty cycle higher than 94.996%, which results
in the PWM BOTTOM signal never switching on, with the PWM cycle 2
positioned after the 4793 position.
With the duty cycle effectively operating between 5.004% and 94.996%,
PWM BOTTOM signal remains turned on permanently without any dead
time for duty cycles below 5.004%. Duty cycles above 94.996% will result in
the PWM TOP signal being switched on permanently. This is implemented
in the commutation process and not in PWM generation process.
The PWM is generated through a single process that runs from the PWM
clock at 49.152 MHz. Figure 10.2 shows the flow diagram of the process used
to generate the PWM signals. The process starts by incrementing the PWM
counter with one each time the process repeats it self. Going through the
conditions as shown in Figure 10.2 allows the process to determine which PWM
signal must be switched on or off. The list below contains the statements used
for each of the conditions in the flow chart.
• Condition A: PWM counter > 0 and PWM counter < 123
• Condition B: PWM counter >= 123 AND PWM counter < PWM cycle
1
• Condition C: PWM counter >= PWM cycle 1 and PWM counter <
PWM cycle 2
• Condition D: PWM counter >= PWM cycle 2 and PWM counter < 4793
• Condition E: PWM counter >= 4793 and PWM counter < 4916
• Condition F: PWM counter >= 4916
10.3 Commutation process
Switching the IGBTs in the correct order at the correct times is vital to the
correct operation of the IGBT-based tap changer. This process controls the
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BEGIN
PWM counter = PWM counter + 1
Condition A
Y ES PWM TOP = ’0’
PWM BOT = ’0’
NO
Condition B
Y ES PWM TOP = ’1’
PWM BOT = ’0’
NO
Condition C
Y ES PWM TOP = ’0’
PWM BOT = ’0’
NO
Condition D
Y ES PWM TOP = ’0’
PWM BOT = ’1’
NO
Condition E
Y ES PWM TOP = ’0’
PWM BOT = ’0’
NO
Condition F
Y ES
PWM counter = 0
NO
Figure 10.2: Flow chart of the PWM generation process.
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switching of the IGBT pairs by means of the signal provided by the sign de-
tector circuit board with regard to the switching pattern presented in Chapter
2.
Controlling the IGBTs by means of the switching pattern presents one
important problem though. Changing between the two switching pairs of the
IGBTs during the zero voltage crossover of the input voltage can potentially
short-circuit the autotransformer. Switching over between the two IGBT pairs
at the same instant does not leave enough time for the one pair of IGBTs to
switch off before the other switches on. The IGBT pair that is busy switching
off takes a considerable amount of time to switch off properly while the other
IGBTs is already switching on, which results in the autotransformer being
short-circuited. The dead time must be incorporated into the commutation
process during the zero voltage crossover of the input voltage.
The commutation process also controls the waveform generator executed
in the FPGA, by generating a 50 Hz sinusoid that is used by the feedback
control. The waveform generator needs to reset every time the input voltage
changes from negative to the positive polarity in order to synchronize the
generator with the input voltage. The waveform generator reset signal 0 resets
the waveform generator.
Running the commutation process through an external counter makes it
relatively easy to control the flow through the process. The counter also helps
with the implementation of the dead time as well as protecting against any
glitches received from the sign detector circuit.
Figure 10.3 shows the flow chart for the commutation process while the list
below describes the statements for the conditions.
• Condition A: Sign counter > 235 000 AND sign previous != sign
• Condition B: Sign counter > 0 AND Sign counter < 246
• Condition C: Sign counter > 246
The process starts by checking for a change in the signal received from the
sign detector. If the counter for the commutation process has passed 235 000
and the sign signal changes, it resets the counter, switches off all IGBTs and
resets the waveform generator.
The process thereafter advances to condition B if the signal from the sign
detector has not changed state. Continuously entering condition B while the
sign counter is between 0 and 246 implements dead time for a period of 5 µs.
Entering condition C for the sign counter values above 246 permits the
IGBT-based tap changer to operate as required. Checking the value of the
signal received from the sign detector together with the duty cycle determines
which IGBTs are switched on or off.
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BEGIN
Condition A
Y ES
counter clr = ’1’ sign = ’1’
Y ES
IGBT T1 = ’0’
IGBT T2 = ’0’
IGBT T3 = ’0’
IGBT T4 = ’0’
wave reset = ’1’
NO IGBT T1 = ’0’
IGBT T2 = ’0’
IGBT T3 = ’0’
IGBT T4 = ’0’
wave reset = ’0’
NO
Condition B
Y ES
IGBT T1 = ’0’
IGBT T2 = ’0’
IGBT T3 = ’0’
IGBT T4 = ’0’
NO
Condition C
Y ES
sign = ’1’
Y ES DC
> 94.99%
Y ES
IGBT T1 = ’1’
IGBT T2 = ’1’
IGBT T3 = ’1’
IGBT T4 = ’0’
NO
DC
< 5.004%
Y ES
IGBT T1 = ’0’
IGBT T2 = ’1’
IGBT T3 = ’1’
IGBT T4 = ’1’
NO IGBT T1 = PWM TOP
IGBT T2 = ’1’
IGBT T3 = ’1’
IGBT T4 = PWM BOT
NO
DC
> 94.99%
Y ES
IGBT T1 = ’1’
IGBT T2 = ’1’
IGBT T3 = ’0’
IGBT T4 = ’1’
NO
DC
< 5.004%
Y ES
IGBT T1 = ’1’
IGBT T2 = ’0’
IGBT T3 = ’1’
IGBT T4 = ’1’
NO IGBT T1 = ’1’
IGBT T2 = PWM TOP
IGBT T3 = PWM BOT
IGBT T4 = ’1’
NO
Figure 10.3: Flow chart of the commutation process.
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10.4 Protection process
Protecting the IGBTs in the IGBT-based tap changer against damage is crit-
ical. Protection against over-currents is done through the FPGA by either
measuring the output current of the IGBT-based tap changer or by tracking
and responding to fault signals received from the IGBT driver boards.
The IGBT drivers detect whether the current conducted by the IGBT is
greater than the rated current of the IGBT by measuring the on-state voltage
Vce of the IGBT. If the voltage exceeds this maximum, the IGBT driver sends a
fault signal to the FPGA. The FPGA receives the signal and starts to transfer
the current from the IGBTs to the thyristors.
The flow chart in Figure 10.4 shows the flow of the protection that transfers
the current between the IGBTs and the thyristors. The list below provides the
statements for each of the conditions in the flow chart.
• Condition A: IGBT 1 Fault = 1 OR IGBT 2 Fault = 1 OR IGBT 3 Fault
= 1 OR IGBT 4 Fault = 1 OR Output current > max output current
• Condition B: IGBT 1 Fault = 0 AND IGBT 2 Fault = 0 AND IGBT 3
Fault = 0 AND IGBT Fault = 0 AND Output current < max output
current
• Condition C: -1 < output current < 1
As the protection process it monitoring both the fault signals of the IGBT
drivers and the output current of the IGBT-based tap changer, it is able to
switch off the IGBTs and switch on the thyristors at any moment. If a fault sig-
nal appears the PWM signals will be turned off and thyristors will be switched
on, after the switch-off dead time period for the IGBTs has passed.
Entering condition B after the output current has dropped below the rated
limit of the IGBTs and after the fault signals have been cleared, switches off
the gating signal to the thyristors. The thyristor only stop conducting and
switches off after the current flowing through it has reached 0 with the gating
signal removed. The protection process thus waits until the load current has
reached 0 before it switches the PWM signals back on.
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BEGIN
Condition A
Y ES
IGBT Drive = ’0’ Dead time
= ’1’
NO
Y ES
Bypass = ’1’
NO
Condition B
Y ES
Bypass = ’0’
NO
Condition C
Y ES
IGBT Drive = ’1’
NO
Figure 10.4: Flow chart of the protection scheme.
10.5 ADC process
The ADC process generates the signals required by the AD7924 ADC on the
controller board. This ADC measures the output voltage and current required
by the FPGA to control and protect the IGBT-based tap changer.
The AD7924 [31] runs from the 4.915 MHz clock generated by the PLL of
the FPGA. It also requires a chip select signal in order to operate and perform
conversions. Connecting the chip select signal to ground informs the ADC that
it must send out the value of the converted channel and that it must prepare
to receive a new command. Connecting the chip select signal to +3.3 V allows
the ADC to perform a conversion of the selected channel.
The operation of the ADC process is based on a state machine running
on the 24.576 MHz system clock. The ADC process also controls two shift
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registers; one of these receives a 12-bit variable to control the ADC and outputs
this value via a serial data stream synchronised to the 4.915 MHz clock. The
other shift register clocks in the data received from the ADC and outputs data
in 15-bit format. The data stream contains the channel measured by the ADC,
as well as the conversion value of the specific channel.
Generating only the required control signals to control the ADC simplifies
the implementation of the ADC process. Figure 10.5 shows the relevant flow
chart.
BEGIN
State = 1
Y ES
ADC chip select
ADC clock
Data in register
State
= ’1’
= ’1’
= ’0’
= 2
NO
State = 2
Y ES
ADC chip select
ADC clock
Data in register
State
= ’0’
= ’1’
= ’1’
= 3
NO
State = 3
Y ES ADC chip select
ADC clock = 5 MHz
Data in register
= ’0’
= ’1’
Done
= ’1’
NO
Y ES
State = 4NO
State = 4
Y ES
ADC chip select
ADC clock
Data in register
State
= ’1’
= ’1’
= ’0’
= 1
NO
Figure 10.5: Flow chart of the ADC process.
CHAPTER 10. FPGA EMBEDDED SOFTWARE DESIGN 147
At State 1, the ADC performs a conversion on a channel due to the chip
select signal, which is driven by a logic high while driving the clock high
too. Driving the clock with a constant logic high does not influence the ADC
because the chip select signal which also driven high; the ADC only requires
the clock signal when the chip select is driven with a logic low. Driving the
’register enable’ signal with a logic low disables the shift registers from shifting
any data either in or out.
Entering State 2 after one clock cycle of the system clock drives the chip
select signal for the ADC with a logic low, while activating the shift registers.
Continuing to drive the ADC clock signal with a logic high conforms to the
clocking requirements [31] of the ADC to operate correctly.
State 3 drives the ADC clock signal with the 4.915 MHz clock with the
chip select low and the shift registers enabled. These allow the ADC to receive
data from one shift register while transmitting data to the other shift register
at the same moment. All the registers run on the same 4.915 MHz clock used
for the ADC, which thus synchronises all these components.
Running the ADC process on a different clock than the ADC itself presents
another problem with regard to knowing when 16 cycles of the 4.915 MHz clock
have elapsed. A separate process is therefore created to count the clock cycles
of the 4.915 MHz clock until it reaches 16 and to inform the ADC process by
means of a ’Done’ signal.
Exiting State 3 after receiving the ’Done’ signal from the clock counting
process allows the ADC process to enter state 4. This allows the ADC to
perform the next conversion with the chip select signal driver with a logic
high. The ADC process also disables both the shift registers by driving the
register enable signal with a logic low.
The ADC process returns to State 1 after State 4 has ended, restarting the
entire conversion process.
10.6 Feedback control process
The feedback control process implements all the final elements and equations
that are necessary to control the IGBT-based tap changer. It receives mea-
surement data from ADC and reference data from the waveform generator
and scales these values for easier insertion into the equations. These equations
are then used to determine the duty cycle for the next switching cycle of the
IGBT-based tap changer. Using all of these elements together gives the IGBT-
based tap changer the ability to regulate the output voltage provided to the
load.
This process operates from the 4.915 MHz clock in order to leave enough
time for the equations to perform their calculations and store the results.
Running this process from the 24.576 MHz clock, however, delivers incorrect
mathematical results, causing poor regulation of the system.
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Using a state machine to control the flow through the process simplifies
the implementation of the process in VHDL. Figure 10.6 shows the flow chart
for the control process.
The process starts with State 1 scaling both the ADC measurement and
the waveform generator outputs into values of the same magnitude. The scaled
down output voltage of the IGBT-based tap changer, which is between 0 and
2.5V is then measured by the ADC. This voltage is read as a 12-bit two’s
complement value, which has a maximum value of 2047 multiplied with 0.198
to deliver a 325 V peak measurement. Multiplying the 12-bit two’s complement
output of the waveform generator with 0.158 delivers a 325 V representation of
the reference voltage. Multiplying the same waveform generator output with
0.027 delivers a 40 V representation of the tap voltage.
Scaling these values to the same range make is easier to execute the math-
ematics for the control process. Splitting the calculations of the mathematics
furthermore allows the FPGA to calculate the duty cycle for the next switching
cycle in phases.
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BEGIN
State = 1
Y ES
PWM < 12
Y ES
Output Measurement
Output reference
Tap reference
State
= ADC DATA
= wave * 0.158
= wave * 0.027
= 2
NO
NO
State = 2
Y ES error = Output reference -
Output measurement
State = 3
NO
State = 3
Y ES gain1 = 5.000 47
Tap reference
State = 4
NO
State = 4
Y ES gain2 = error - 1.941*error_prev_1
+ 0.985 7*error_prev_2
State = 5
NO
State = 5
Y ES
duty = gain1 * gain 2
+ 1.169 * duty_prev_1
- 0.168 8 * duty_prev_2
State = 6
NO
..
.
..
.
Figure 10.6: Flow chart of the control procedure.
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..
.
..
.
State = 6
Y ES
State = 7
duty
> 94.99
Y ES
duty = 100
Y ES
Duty
< 5.007
Y ES
duty = 0
NO
NO
State = 7
Y ES
duty_prev_2 = duty_prev_1
error_prev_2 = error_prev_1
PWM_cycle_1 = duty*49.16 - 123
State = 8
NO
State = 8
Y ES
duty_prev_1 = duty
error_prev_1 = error
PWM_cycle_2 = duty*49.16 + 123
State = 1
NO
Figure 10.7: Continued flow chart of the control procedure.
This process also implements integrator anti-windup. Using the anti-windup
prevents the integrator from running away from the required values. It is done
by clamping the maximum and minimum duty cycle values to either 0 % or
100 %. This prevents the duty cycle set by the controller from disrupting the
control algorithms.
10.7 Summary
This chapter has looked at the software that was implemented on the FPGA
to control the switching of the IGBTs in the IGBT-based tap changer. The
chapter looked at the most important processes used inside the FPGA and
began by focusing on the process used to generate the PWM signals. This was
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followed by an examination of the commutation process, which was followed
by a discussion of the protection process. Thereafter, the ADC process was
analysed, and lastly, the chapter ended by presenting the control process.
Chapter 11
Conclusions
This chapter gives a brief overview of the IGBT-based tap changer designed
in this thesis. The design of the hardware as well as the software is covered.
The chapter concludes by discussing the results gathered from simulation and
the testing conducted on the scale-model IGBT-based tap changer.
11.1 Overview
The design of a solid-state tap changer for MV networks presents with a couple
of challenges: namely, the high voltages and currents of MV networks makes
component selection critical as well as the protection used. It was found that
the solid-state tap changers designed which are operational, these make use of
transformers to provide the required voltage taps for the solid-state switches,
as a result, lowers the voltage requirement of the switches. Two solid-state
topologies were discussed; firstly, the thyristor-based solid-state tap changer,
secondly, the IGBT-based solid-state tap changer. The discussion revealed
that the IGBT-based solid-state tap changer contains numerous advantages,
including, improved voltage regulation accuracy, faster reaction to sudden volt-
age changes. It is for these reasons that the solid-state tap changer designed
in this thesis make use of IGBTs.
11.2 Hardware
The chosen layout of the IGBTs was presented in Chapter 2, this layout basi-
cally consisted out of two synchronous buck converters. These were connected
to operate separately from each other; one converter operates during the pos-
itive half-cycle while the other operates during the negative half-cycle. This
method of operation, however, requires a more sophisticated switching scheme
than used for a normal synchronous buck converter.
The analysis conducted on the selection of the specific IGBT model in
Chapter 5, revealed that the IGBTs are required to switch a peak voltage of
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899 V. This relatively low voltage allowed the 1 700 V IGBT manufactured by
Semikron to be used. This decision was based on the following factors; namely,
the switching losses of the 1 700 V IGBT was the lowest while being the least
expensive IGBT available. The low switching losses allows the IGBT-based
tap changer to switch a 10 kHz, as a result, makes the inductance of the output
filter inductor smaller.
The design of the passive components conducted in Chapter 5, included
the following, the filter capacitors, the filter inductor as well as the snubber
capacitor revealed that the values calculated for the components were realisable
in practice.
The supporting hardware of the IGBT-based tap changer was discussed in
Chapter 6. These PC-boards provide power to components and generates the
signals used to control the IGBT-based tap changer. Most of these boards
were designed and built prior to the start of the project for use on scale-
model IGBT-based tap changer. It was revealed that the most crucial board
is the sign detector. This board measures the polarity of the voltage over the
IGBT and informs the controller of its status. This is used by the controller
to generate the gating signals for the IGBTs, consequently, if the signal is
incorrect, may damage the IGBTs.
11.3 Simulation and practical testing
The simulation results presented in Chapter 8 was used to verify the concept
of the IGBT-based tap changer. It was found that the effect that the switching
scheme has on the snubber capacitor was more than expected. The exclusion of
the snubber capacitor during the negative half-cycle of the tap voltage, resulted
in non-ideal filtering of the tap voltage. However, the other simulation results
of the switching scheme as well as the filtering of the output voltage and
current, has proven that the concept of the IGBT-based tap changer works as
expected.
The practical measurements conducted on the scale-model IGBT-tap changer
was presented in Chapter 9. The scale-model IGBT-based tap changer was
built prior to the design of the full-size IGBT-based tap changer. The scale-
model provided valuable information regarding the concept used for the IGBT-
based tap changer. The measurement results also verified that the switching
scheme presented works as expected. The result, however, was that the scale-
model IGBT-based tap changer was able to regulate its output voltage with
the specifically design controller.
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11.4 Feedback controller
The feedback controller designed in Chapter 7 was designed not only to reg-
ulate the output voltage, but as well correct the output voltage waveform
of the IGBT-based tap changer. The controller was mainly designed for the
IGBT-based tap changer, however, it was tested on the scale-model IGBT-
based tap changer and results gathered showed that the controller is capable
of performing as desired.
11.5 Conclusions
The design objective for this project as presented in Section 1.4 in Chapter 1
have been reached and the following conclusions can be made:
• The best topology for the application of the IGBT-based tap changer
onto a commercially available autotransformer was selected.
• The required hardware, software and controller was designed.
• The entire system was simulated in Simplorer and the concept of the
IGBT-based tap changer was proven for MV applications.
• The IGBT-based tap changer concept was tested in practice and was
found to be practically implementable.
11.6 Future work
This thesis presented the design of a MV IGBT-based solid-state tap changer
that would be capable of regulating the output voltage of the tap changer to a
much higher degree than would be possible by using mechanical tap changers.
Although the concept has been tested on the scale-model tap changer and
although it has been proven to work, this was not at the same voltage levels
as for the full-scale IGBT-based tap changer. Consequently, it would still be
necessary to build the IGBT-based tap changer designed in this thesis, and to
test it thoroughly while operating at the voltages it was designed for in order
to verify the design.
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Appendix A
Compensator design for the
scale-model IGBT-based tap
changer
This appendix discusses the design of the compensator for the scale-model
IGBT-based tap changer. To begin, the transfer function of the scale-model
IGBT-based tap changer is presented in (A.1):
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(A.1)
Table A.1 lists all the values of the variables for the transfer function of
the scale-model IGBT-based tap changer in (A.1).
The load resistance is taken at 211.6 Ω, allowing the compensator to be
designed for a load of 5 % of the full rated load resistance.
Drawing the root locus of the plant in Figure A.1, as based on the provided
variables, shows that the plant has two sets of complex poles and one complex
zero. The two complex poles require a proportional-integral derivative (PID)
controller with a high frequency pole [30] shown in (A.2) to be used to control
the output voltage of the plant. The compensator implements a complex zero,
which is used to compensate for a complex pole pair in the system.
C(s) = Gcp
s+ ωz
s(s+ ωp)
(A.2)
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Description Symbol Value
Transformer winding leakage inductance L1 24.107 µH
Filter capacitors C1 and C2 100 µF
Output filter inductor LO 488.9 µH
Tap voltage vt 56.56 V
Series resistance of transformer winding RL1 0.008 Ω
Equivalent series resistance of capacitors RC1 and RC2 0.005 Ω
Equivalent series resistance of output inductor RLO 0.03 Ω
Load impedance RO 211.6 Ω
Table A.1: Values of variables used in for the derived mathematical model of the
scale-model IGBT-based tap changer.
Open loop root locus for the plant of the scale IGBT-based tap changer
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Figure A.1: Root locus plot of the open loop system for the scale-model IGBT-
based tap changer without compensation.
It is necessary to know the position of each of the poles in order to select
which pole to compensate for. The positions of the two complex poles are
shown in (A.3) and (A.4).
s1 = −840.642± j29 034 rad/s (A.3)
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s2 = −52.113± j3 178.05 rad/s (A.4)
Table A.2 provides the natural frequency and damping ratio for both poles,
calculated with (A.5) and (A.6), with x the real part of the pole position and
y the imaginary part.
ωn =
√
x2 + y2 (A.5)
ζ =
|x|
|y| (A.6)
Description Symbol Value
Natural frequency of pole s1 ωn1 29 046.17 rad/s
Damping ratio for pole s1 ζ1 0.028 954
Natural frequency of pole s2 ωn2 3 178.48 rad/s
Damping ratio for pole s2 ζ2 0.016 397
Table A.2: Natural frequency and damping ratio for each of the two poles.
The natural frequency of pole s1 is too fast for the compensator to com-
pensate for with the switching frequency of the scale-model IGBT-based tap
changer at 62 831.85 rad/s. Consequently, the compensator must be designed
to compensate for the second complex pole s2. The design of the complex zero
in the compensator is to have a natural frequency 30% smaller than that of
the complex pole, while the damping ratio of the zero is twice the value of the
pole. This results in the zero to having a natural frequency of 2 224.94 rad/s
with a damping ratio of 0.032 795. The resulting position of the complex pole
is given in (A.7).
sz = −72.967± j2 223.74 rad/s (A.7)
The next component of the compensator that must be designed is the
high frequency pole. This is designed so that the resulting plant with the
compensator added has a cut-off frequency of ω0dB = 6 283 rad/s with a phase
margin φM = 57.5◦.
Using (7.2.4)1 delivers the required phase of the compensator φcp = 54.29◦
with the converter phase φcv = -176.79◦. Calculating the multiplication factor
with (7.2.5)2 results in the value of -1.950. Using this factor together with the
calculated compensator frequency of the complex zero and the required cut-off
1See page 106
2See page 106
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Open loop bode plot for the compensatoed scale IGBT-based tap changer
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Figure A.2: Bode plot plot of the open loop system of the scale-model IGBT-based
tap changer with compensation.
frequency of the plant in (A.8) mean that the high frequency pole must be
placed at 14 223.01 rad/s.
ωp =
√
ωcpω0dBf
2
ct (A.8)
The final value that needs to be calculated is the gain of the compensator.
Using the sisotool application in Matlab allows the gain to be adjusted in real
time, while the Bode plot is shown. Adjusting the gain until it reaches a value
of 0.1485 results in the compensated plant having a cut-off frequency of 6 283
rad/s with the phase margin at 57.5◦ as shown in Figure A.2.
The resulting compensator is shown in (A.9) below:
C(s) = 0.1485
s2 + 145.935s+ 4950340
s(s+ 14 223.01)
(A.9)
The resulting root locus analysis of the entire system with the compensator
added is shown in Figure A.3.
The root locus shows that none of the loci goes into the right hand plane
which allows the gain to be adjusted without limits.
Thereafter, the controller is designed by using the c2d function in Matlab
with a sampling period of 0.000 1 s together with the tustin approximation.
The result is shown in (A.10), and it can be implemented into the FPGA.
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Open loop root locus for the plant of the scale IGBT-based tap changer
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Figure A.3: Root locus plot of the open loop system for the scale-model IGBT-
based tap changer without compensation.
C(z) = 0.088 41
z2 − 1.941z + 0.985 7
z2 − 1.169z + 0.168 8 (A.10)
The gain of the compensator is determined for a peak tap voltage vt of 56.56
V and provision must be made for the gain at lower voltages. Thus, multiplying
the gain in (A.10) with 56.56 delivers a value of 5.000 47. Making the gain
dynamic as stated in Chapter 7 is crucial to the success of the compensator, as
it results in the compensator gain being divided by the tap voltage. The tap
voltage is not measured but simulated in the FPGA by means of a waveform
generator, which generates a sinusoidal waveform that can be used as the tap
voltage measurement. The final compensator implemented in the FPGA is
shown in (9.3.1) using the methods on page 110.
d(k) =
5.000 47
vt
(
error(k)− 1.941error(k − 1) + 0.985 7error(k − 2)
)
+1.169d(k − 1)− 0.168 8d(k − 2) (A.11)
The compensator presented in (A.11) is used for the practical measure-
ments.
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